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ABSTRACT 


A  mortar  model  of  a  gable  type  hyperbolic  paraboloid  shell  was 
built  and  instrumented.  Uniform  loads  were  applied  (a)  symmetrically  over  the 
entire  shell  and  (b)  over  one  half  of  the  shell  only.  Without  the  application  of 
external  load,  the  shell  was  subjected  to  differential  foundation  movement. 
Finally,  the  shell  was  tested  to  destruction  under  uniform,  symmetrical  load¬ 
ing. 

The  purpose  of  the  study  was  threefold.  As  a  pilot  project,  the 
aim  was  to  examine  the  practicability  of  testing  model  shells  and  to  recommend 
improvements  in  technique  for  future  shell  research,  presently  contemplated 
at  the  University  of  Alberta.  Secondly,  it  was  the  purpose  of  this  investigation 
to  study  the  behaviour  of  one  type  of  shell  at  working  loads  under  the  various 
loading  patterns  discussed  above,  and  to  compare  the  results  with  simple  mem¬ 
brane  theory.  Thirdly,  the  behaviour  of  the  shell  at  ultimate  load  was  to  be  ex¬ 
amined  and  the  results  compared  with  membrane  theory. 

Load  was  applied  by  a  hydraulic  jack,  through  a  load  distributing 
apparatus  consisting  of  pin  ended  members  which  applied  the  load  equally  to 
sixty  four  rubber  pads  bearing  on  the  model. 


TOAH'raaA 


Bfiw  Jleria  blolodBTcq  oliod'ieq^ri  oqyt  Bidfig  b  Jo  iobora  iBJiom  A 
odJ  lovo  ylicoiiisoiaiYB  (b)  borlqqB  oiow  abuoi  oiioltaU  .bolndcaiiiJeoi  brus  Hiud 
lo  noJJfioilqqfi  odi  JuodJtW  .  .^Ino  lisda  odJ  Jo  Usd  ono  lovo  (d)  bos  lldde  o-iiJod 
.Jndtnovom  nolJsbnuoJ  IsiJnaidlUb  oJ  bdJoot^a  esw  Hade  odi  ,b£ol  Jsn'iaJxa 
-bfiol  lsol‘iJaai(n^&  .oiioUnu  lobxui  nolJouTieab  oJ  baJadJ  asw  ilada  adJ 

.gni 

adJ  (ioetoiq  Jollq  s  aA  .bloJaa’xdJ  asw  ^buJa  adJ  Jo  aaoqiijq  adT 
bnammooai  oJ  bns  allada  iabom  s^iJadJ  Jo  '{JilidsoJJOB'iq  adJ  aormfixo  oJ  esw  mis 
baisIqmsJnoo  ^Uaaaaiq  .rioisaaoi  liada  aiuJuJ  I'oJ  dupiodaaJ  oi  aJnamevoiqcal 
ooiJs^iieavni  aidJ  Jo  dBaqiiiq  adJ  aisw  Ji  i^lbnooaS  .sJiadlA  Jo  '{Jiaiavl/iU  9d3  Js 
awolicv  ariJ  labou  ebsol  ^nbliow  Js  IJada  Jo  aqyJ  ano  Jo  isoJvsriad  ariJ  o3 

-cflatn  alqmla  riliw  aiisaoi  adJ  aisqinoo  oJ  fans  ,avods  baaauoaib  anioJJsq  ^goibsol 
-xa  ad  03  asw  bsoi  oisaiHlu  Js  Uada  adJ  Jo  ^uoivsd9d  adJ  ^yJfaiidT  .-^loedJ  ansid 

.  ^auariJ  aacidcnam  dJiw  ba'xsqmoo  aJinaei  oriJ  fans  bonicns 
^oiiiKlliJaib  bsoi  s  d^noiriJ  ,dDBt  oilusib^d  s  yd  faoilqqs  asw  bsoJ 
oJ  yilsspa  bsoi  ad3  ballqqs  doiriw  a’lddmara  babno  nlq  Jo  sruJaiahoo  ajjJsisqqs 

.labooi  adl  no  ^fliisad  absq  laddui.isoJ  ylxiB 
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Strains  were  recorded  by  a  100  channel  digital  data  processor.  De¬ 
flections  were  measured  by  Ames  dials  mounted  on  the  ridge  and  gable  beams. 

Bending  moments  and  axial  thrusts  in  the  ridge  and  gable  beams 
were  lower  than  predicted  by  membrane  theory  under  uniform,  symmetrical 
loading  due  to  the  "flange  action"  of  the  shell.  Shell  stresses  were  approximate¬ 
ly  equal  to  those  derived  from  membrane  theory,  with  a  small  biaxial  compres¬ 
sion  superimposed.  Bending  moments  were  present  in  the  shell  elements  but 
they  were  small  and  not  considered  particularly  significant. 

Under  asymmetrical  loading,  the  loaded  shell  quadrants  behaved 
almost  identically  to  typical  shell  quadrants  under  uniform,  symmetrical  load¬ 
ing.  For  this  model,  the  asymmetrical  loading  produced  effects  on  the  ridge 
and  gable  beams  which  were  no  more  critical  than  those  produced  by  symmetric¬ 
al  loading,  but  the  location  of  the  maximum  moments  was  shifted. 

Under  foundation  settlement,  the  shell  was  not  seriously  affected  by 
a  total  settlement  of  l/96th  of  the  span.  Gable  beams  were  affected  most,  while 
ridge  beams  appeared  to  be  almost  unstressed  by  the  settlement. 

Ultimate  failure  occurred  as  a  result  of  a  premature  ridge  beam 
failure  attributed  to  faulty  welding.  Membrane  theory  appeared  to  be  valid 
well  beyond  the  elastic  limit  of  the  material. 
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-oa  .TOaseooiq  ejsb  iBlisIb  laansdo  001  6  y<J  bofaioaai  e-taw  a/iU«8 
.ameed  eldKg  baa  agbji  orii  oo  bsJnoom  aiBJb  aeioA  ijd  fasiuaesm  aisw  anoMoan 
amuad  aldeg  bnB  -j^bi-t  artJ  ni  ajaoirl)  jBixB  bna  aJ/iomom  gaibaaS 
iBaiUsmrava  .cniolim,  lafam,  ooertJ  anBidmacn  yd  balorbaiq  nBdJ  lawol  a-iaw 
-a,Bmixo.qqB  aaaaaata  lladS  .llada  adt  lo  '•noilas  anaan"  adt  at  aub  SBibaoJ 
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CHAPTER  I 


INTRODUCTION 


1.1  Shell  Construction 

In  recent  years,  there  has  been  a  trend  towards  thin  shell  construc¬ 
tion.  Because  of  the  complex  mathematics  involved  in  their  analysis,  many 
structural  engineers  have  been  reluctant  to  enter  into  this  field  in  the  past. 

Due  to  the  growing  popularity  of  these  shells,  however,  steps  have  been  taken 
to  advance  theories  and  design  methods  for  various  forms  of  thin  shells.  To 
date,  very  little  information  has  been  published  about  the  actual  behaviour  of 
concrete  shells  at  working  loads  or  at  collapse. 

1.2  Model  Studies 

In  arriving  at  a  theoretical  solution  to  a  three  dimensional  problem 
such  as  a  shell,  certain  idealizations  must  be  made  to  simplify  the  resulting 
mathematical  expressions.  These  idealizations  tend  to  distort  the  problem  to 
some  extent  and  for  this  reason,  models  are  built  to  see  if  the  assumptions  are 
justified.  In  Portugal,  the  design  of  a  structure  can  be  made  from  model 
studies  without  the  need  to  confirm  it  theoretically.  German  code  DIN  1050 
states:  "Model  studies  and  photoelastic  studies  may  in  certain  cases,  fully 
or  partially  replace  the  analytical  approach". 
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In  England,  a  number  of  model  studies  have  been  carried  out  by  the 
Building  Research  Station  (Mitchell,  1957).  The  Portland  Cement  Association 
carried  out  extensive  tests  on  an  umbrella  type  hyperbolic  paraboloid  shell 
in  recent  years.  (PCA  -  ST  85). 

The  results  of  these  studies  have  been  helpful  in  establishing  be¬ 
haviour  patterns  for  particular  shells.  Due  to  the  time  involved  in  casting 
such  models,  however,  the  data  is  not  nearly  so  plentiful  as,  for  example, 
test  data  on  beams  or  columns.  Conclusions  must  be  limited  to  the  parameters 
used  in  the  model.  Extrapolation  of  results  to  include  a  variety  of  parameters 
beyond  the  scope  of  the  tests  could  be  dangerous . 

1.3  Object  of  Testing  Program 

The  scope  of  this  study  is  limited  to  one  type  of  shell,  the  gable 
type  hyperbolic  paraboloid  having  a  rise  to  span  ratio  of  1:8.  The  objectives 
are  as  follows: 

(a)  To  build  and  instrument  a  model,  taking  note  of  difficulties 
encountered  and  to  make  recommendations  for  a  future  pro¬ 
gram  of  shell  research  now  being  contemplated  at  the 
University  of  Alberta. 

(b)  To  observe  the  behaviour  of  the  model  under  various  loading 
patterns  and  foundation  settlements. 

(c)  To  calculate  axial  thrusts  and  bending  moments  and  to  com¬ 
pare  the  results  with  membrane  theory. 
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(d)  To  test  the  shell  to  destruction  and  to  observe  the  mode  of 
failure  and  study  the  crack  patterns. 
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CHAPTER  II 


THEORY 

2. 1  Assumptions  in  Membrane  Theory 

In  deriving  the  membrane  theory,  it  is  assumed  that  bending  mom¬ 
ents  and  torsional  shears  and  moments  are  negligible  quantities.  It  is  assumed 
that  deformations  are  small  and  the  radius  of  curvature  remains  unchanged  from 
the  unloaded  to  the  loaded  state.  With  this  simplification,  the  problem  of  solv¬ 
ing  the  stresses  in  the  shell  becomes  statically  determinate.  The  shell  is  not 
required  to  satisfy  conditions  of  compatibility,  but  only  to  satisfy  equilibrium 
requirements.  The  load  is  assumed  to  be  carried  by  direct  stresses  and  shear¬ 
ing  stresses  acting  in  the  plane  of  the  shell. 


2.2  Notation 


X,  y,  z 


direction  of  co-ordinate  axes 


a 

b 

h 


panel  length  in  x  direction,  or  side  dimension  of  square  shell 
panel  length  in  y  direction,  unless  panels  are  square 


rise  of  shell 


Tx,  Ty  direct  stresses  tangential  to  surface 
Txp,  Typ  stresses  projected  on  the  xy  plane 
S  shearing  stresses  in  the  plane  of  the  shell 
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Sp  shearing  stresses  projected  on  the  xy  plane 

0  slope  from  x  axis 

^  slope  from  y  axis 

w  uniform  vertical  load  on  shell  element  per  unit  of  area 

2.3  Geometric  Equations 

In  shells  of  translation,  the  Cartesian  system  of  co-ordinates  is 
usually  adopted  and  will  be  used  herein.  FIGURE  2. 1  shows  an  element  of  a 
doubly  curved  shell  with  its  vertical  projection  on  the  xy  plane.  Direct  stresses 
Tx  and  Ty,  measured  in  pounds  per  unit  of  length,  are  considered  positive 
when  they  produce  tension.  Shearing  stresses,  S  also  in  pounds  per  unit  length 
are  considered  positive  in  the  direction  shown.  That  is,  a  positive  shear  act¬ 
ing  on  a  positive  face  acts  in  the  direction  of  increasing  x  or  y.  The  surface 
load,  w  in  pounds  per  square  foot  is  considered  positive  when  acting  downward. 

All  membrane  forces  are  resolved  into  components  parallel  to  the 
co-ordinate  system  but  act  tangential  to  the  surface.  Thus  the  force  Tx  is 
parallel  to  the  (xz)  plane  but  makes  an  angle  0  with  the  (xy)  plane.  To  simplify 
the  equilibrium  equations,  the  actual  forces  are  transformed  into  fictitious 
forces  acting  on  a  fictitious  element  whose  dimensions  are  found  by  projecting 
the  actual  element  onto  the  (xy)  plane.  These  forces  are  given  the  subscript  p, 
indicating  a  projected  force. 

From  geometry,  dp  cos*0  =  dy . 2.1  (a) 

dq  cos  0  =  dx . 2. 1  (b) 
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The  normal  force  on  face  ’’ad”  of  the  element  is  Tx  dp  and  the 

horizontal  component  of  this  force  is  Tx  dp  cos0  or  Tx  cos0  dy. 

cos  ^ 

Since  the  normal  force  on  the  projected  element  must  be  equal  to 
the  force  on  the  actual  element, 


Txp  dy 

=  Tx  COS0  dy 
cos  ^ 

or 

Txp 

=  Tx  COS0  .  . 
cos  ^ 

Similarly, 

Typ 

=  Ty  cos  ^ .  . 

COS0 

Equating  the  horizontal  component  of  the  shear  on  face  ad  to  the 


shear  on  the  projected  element, 

S  dp  cos  ^  =  Sp  dy . 2.4(a) 

From  equation  2.1  (a), 

S  =  Sp . 2.4(b) 


2.4  Equilibrium  Equations 

Only  vertical  forces  will  be  considered  since  this  is  the  only  type 
of  loading  in  the  scope  of  this  study.  Considering  the  equilibrium  in  the  x 
direction, 

(Txp  +  d  Txp  dx)  dy  -  Txp  dy  +  (Sp  +  d  Sp  dy)  dx  -  Sp  dx  =  0 


3  X  3  y 

d  Txp  +  ^  Sp  =  0 . 2.5 

c?  X  y 
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Similarly,  in  the  y  direction, 

d  Typ  +  3  Sp  =  0  .  .  .  .  2.6 

y  3  X 

In  order  to  write  the  equilibrium  equations  for  forces  in  the  z 

direction,  the  vertical  components  of  the  forces  must  be  found.  The  vertical 

component  of  the  force  on  face  ad  is  Tx  dp  sin0 

But  Tx  dp  sin0  =  Txp  cos  dy  sin0  =  Txp  tan0  dy 

COS0  cos  ^ 


=  Txp  3  z  dy.  2,7 
3  X 


The  vertical  component  acting  per  unit  length  along  the  y  axis  is, 

therefore,  Txp  3  z  and  along  the  x  axis  is  Typ  d  z. 

3  X  3  y 

The  vertical  component  of  shear  force  on  face  ad  is 
S  dp  sin  =  Sp  tan  ^  dy  =  Sp  3  z  dy 

^  y 


or,  per  unit  length,  is 


Sp  3  z 

y 


Now,  considering  equilibrium  in  the  z  direction. 


^  - 

where  w  is  the  load  per  unit  of  projected  area. 


0  .  .2.8 


This  reduces  to 

Txp  +  Typ  3^z  +  2  Sp 

cPx^  dxdy 

+  3z  (3  Txp  +  3  Sp)  +  3z  (3  Typ  +  3  Sp)  =  -w  .  .  2 . 8  (b) 
dx  dx  dy  dy  dy  dx 
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By  equations  2.5  and  2.6,  the  terms  in  parentheses  are  zero.  Hence,  equa¬ 
tion  2.8  (b)  reduces  to 
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These  values  satisfy  equations  2.5  and  2.6  and  reduce  equation  2.8  (c)  to 
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This  is  the  general  equilibrium  equation  for  shells  of  arbitrary  shape. 

2.5  The  Hyperbolic  Paraboloid 

The  middle  surface  of  a  hyperbolic  paraboloid  is  formed  by  a 

series  of  straight  lines  parallel  to  the  (xz)  plane  and  (yz)  plane  as  illustrated 

in  FIGURE  2.2.  The  surface  is  defined  by  the  equation 
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which  may  be  reduced  by  means  of  equation  2.9  (c)  to 

-  Sp  =  ^  w . 2.13 

2h 

By  equations  2.5  and  2.6, 

Txp  =  and  Typ  =  C2 

where  and  C2  are  constants  of  integration. 

If  we  assume  the  gable  beams  are  unable  to  carry  lateral  load,  the 
boundary  conditions  require  that  =  C2  =0 

Therefore,  Txp  =  Typ  =  0 . 2.14 

Equation  2. 14  indicates  that  the  shell  is  in  a  state  of  pure  shear  of  constant  in¬ 
tensity  when  uniformly  loaded.  Around  the  periphery  the  shear  must  be  resist¬ 
ed  by  the  edge  members. 

2.6  Gable  Type  Hyperbolic  Paraboloid 

Applying  the  foregoing  theory  to  a  gable  type  of  H.P.  shell,  the 
thrusts  in  the  ridge  and  gable  beams  may  be  readily  found.  The  thrust  con¬ 
figurations  are  plotted  in  FIGURE  2.3  for  the  beams. 
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FIGURE  2.3  BEAM  THRUSTS  IN  GABLE  TYPE  H.  R  SHELL 

AS  FOUND  BY  MEMBRANE  THEORY 
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CHAPTER  III 


FABRICATION  OF  MODEL  AND  TESTING  APPARATUS 

3.1  Formwork 

The  formwork  for  the  model  shell  was  built  in  sections  and  later 
assembled  by  bolting  the  individual  sections  together.  A  plan  view  of  the  form- 
work  is  shown  in  FIGURE  3.1,  together  with  cross  sections  showing  the  typical 
details  used*  FIGURE  3.2  shows  details  of  the  ridge  and  gable  frames,  and  a 
pictorial  view  of  the  completed  formwork  is  given  in  FIGURE  3.3. 

Adjustable  foot  bolts  in  the  lower  plate  of  the  ridge  and  gable 
frames  permitted  easy  removal  of  formwork  after  the  concrete  had  been  cured. 
Tongue  and  groove  hardwood  flooring  formed  the  underside  of  the  shell  surface 
and  was  easily  warped  to  fit  the  doubly  curved  surface.  The  boards  were  sand¬ 
ed  until  no  light  could  be  seen  under  a  steel  straightedge  held  at  various  posi¬ 
tions  in  each  direction  along  the  straight  line  generators  of  the  shell. 

3.2  Details  of  the  Model 

A  pictorial  view  of  the  model  after  casting  is  given  in  FIGURE  3.4 
while  details  of  the  general  arrangement  and  cross  sections  through  the  ridge 
and  gable  beams  are  shown  in  FIGURE  3.5  and  .3.6. 

The  model  had  a  square  planform,  measuring  eight  feet  between 
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PLAN  VIEW  OF  FORMWORK 
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FIGURE  3.1  DETAILS  OF  FORMWORK 
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FIGURE  3.6  BEAM  CROSS  SECTIONS 
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support  centres.  Both  ridge  beams  were  horizontal,  and  one  foot  higher  than 
the  supports,  thus  giving  a  1:4  slope  to  the  gable  beams. 

The  shell  thickness  was  one  half  inch.  Half  inch  diameter  holes  one 
foot  on  centre  each  way  were  originally  intended  to  accept  a  system  of  yolks 
suspended  from  the  shell,  with  loads  applied  by  means  of  four  hydraulic  jacks 
located  below  the  floor  of  the  laboratory.  Due  to  the  arrival  of  the  loading 
frames,  however,  it  was  later  decided  to  abandon  the  original  scheme  in  favor 
of  overhead  loading. 

It  may  be  seen  that  the  centroid  of  the  ridge  and  gable  beams  are 
not  coincident  with  the  middle  surface  of  the  shell,  as  assumed  in  simplified 
membrane  theory,  (Timoshenko,  1959;  Flugge,  1962).  While  this  feature 
complicates  the  analysis,  it  nevertheless  represents  a  more  typical  situa¬ 
tion  in  prototype  structures,  resulting  from  aesthetic  and  practical  formwork 
considerations. 

3.3  Design  of  the  Model 

The  model  was  designed  in  accordance  with  simplified  membrane 
theory,  except  that,  in  designing  the  ridge  and  gable  beams,  the  eccentricity 
of  the  applied  shear  from  the  shell  was  taken  into  account.  The  Portland 
Cement  Association  (1960)  advises  "the  steel  should  be  detailed  so  that  its 
centroid  coincides  with  the  line  of  application  of  the  shear  forces,  otherwise, 
due  account  should  be  taken  of  the  eccentricity". 

Although  the  model  was  considered  as  a  structure  in  its  own  right. 
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to  arrive  at  a  reasonable  value  for  dead  load  as  a  basis  of  design,  it  was  as¬ 
sumed  to  be  a  model  of  a  hypothetical  prototype  ten  times  the  size  of  the  model. 
Thus  the  model  may  be  considered  as  representative  of  a  shell  having  a  five 
inch  thickness  and  a  span  of  eighty  feet.  Using  an  assumed  snow  load  of  thirty 
pounds  per  square  foot  and  a  dead  load  of  sixty  pounds  per  square  foot,  the 
model  was  designed  to  carry  a  total  load  of  ninety  pounds  per  square  foot,  uni¬ 
formly  distributed  over  the  projected  plan  surface. 

3.4  Reinforcement 

Reinforcing  steel  used  in  the  ridge  and  gable  beams  was  taken  from 
stock  and  was  assumed  in  the  design  to  be  intermediate  grade,  deformed  steel 
conforming  to  ASTM  Specification  A  15  -  54T.  Subsequent  tests  showed  that 
the  steel  had  a  yield  point  of  54.6  kips  per  square  inch  and  an  ultimate  strength 
of  82  kips  per  square  inch,  which  indicates  a  hard  grade  steel. 

Shell  reinforcing  steel  was  16  gauge  (one  sixteenth  inch  diameter) 
Cold  -  Drawn  Steel  Wire  conforming  to  ASTM  Specification  A  82  -  58T,  having 
a  minimum  yield  point  of  64  ksi  and  an  ultimate  tensile  strength  of  80  ksi. 

3. 5  Placing  Reinforcement 

The  reinforcing  steel  for  the  ridge  beams  and  gable  beams  was 
prefabricated  in  cages  and  later  placed  on  plastic  "chairs"  on  the  forms.  To 
insure  the  accurate  placing  of  steel,  plywood  templates  were  built,  one  for  the 
ridge  beam  and  one  for  the  gable  beam,  in  which  holes  were  drilled  at  the 
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theoretical  centre  of  reinforcing  steel  as  shown  in  FIGURE  3.6.  Three  eighths 
inch  diameter  bolts  were  inserted  in  the  holes  and  the  stirrups  were  bent  to  the 
correct  size  around  the  bolt  projection.  Stirrups  consisted  of  16  gauge  wire  as 
used  for  the  shell  reinforcement. 

In  order  to  provide  equal  effective  depth  in  each  ridge  beam ,  it 
was  necessary  to  buttweld  the  reinforcing  bars  at  the  junction  of  the  two  ridge 
beams.  The  location  of  these  welds  is  shown  in  FIGURE  3.7.  To  avoid  inter¬ 
ference  at  the  corners,  the  gable  reinforcing  was  terminated  at  the  inside  face 
of  the  corner  shoe  plate  and  an  equivalent  area  of  steel  was  added  in  one  bar , 
crossed  and  welded  as  shown  in  the  corner  detail  of  FIGURE  3.7.  At  the  gable 
and  ridge  beam  junction,  a  hairpin  bar  was  added  to  provide  a  nominal  tie  be¬ 
tween  these  beams. 

The  16  gauge  shell  reinforcing  was  anchored  at  the  ends  by  means 
of  a  steel  angle  which  was  bolted  to  the  gable  frames  as  shown  in  FIGURE  3.1. 
These  angles  were  drilled  at  one  and  one  half  inches  on  center  to  permit  the 
wire  to  pass  through  at  the  middle  surface  of  the  shell.  Wires  were  stretched 
across  the  model  in  one  direction  and  anchored  at  each  end  temporarily  by 
bending  the  wire  through  ninety  degrees  at  the  outside  face  of  the  steel  angle. 
The  upper  bar  in  the  ridge  beam  cage  served  as  a  chair  for  the  wires  and  held 
them  firmly  in  position.  Wires  in  the  opposite  direction  were  then  threaded 
through  in  similar  fashion,  this  time  weaving  them  over  and  under  alternate 
wires  placed  previously. 
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Some  difficulties  were  encountered  in  the  weaving  operation.  Prior 
to  placing  any  wire,  the  forms  were  generously  coated  with  form  oil  to  permit 
easy  removal  of  the  forms  from  the  concrete.  During  the  wire  weaving  opera¬ 
tion,  there  was  a  tendency  for  the  wires  to  come  in  contact  with  the  form  oil 
which  could  reduce  its  bond  strength  or,  perhaps,  destroy  bond  completely  in 
local  areas.  To  prevent  such  an  occurrence,  the  wires  were  carefully  cleaned 
after  they  were  finally  in  position,  but  this  proved  to  be  a  particularly  arduous 
task  and  it  is  felt  that  a  better  method  might  have  been  to  place  a  sheet  of  poly¬ 
thene  over  the  oiled  surface  until  after  the  wires  were  in  position,  then  to  re¬ 
move  it  through  the  gaps  between  wires. 

A  further  difficulty  was  that,  as  one  wire  was  tightened,  the  adjac¬ 
ent  wires  were  loosened,  and  as  a  result,  the  wires  had  to  be  retightened  sever¬ 
al  times.  Due  to  the  brittle  nature  of  the  wire,  a  number  of  strands  broke  at 
the  ends  through  repeated  bending.  A  more  ductile  wire  would  have  proved 
more  satisfactory  . 

When  the  operation  was  complete,  the  wires  formed  a  rather  stiff 
mesh  which  held  its  position  well,  without  sags  and  humps. 

3.6  Placing  Concrete 

In  order  to  obtain  a  strong,  well  compacted  concrete  without  per¬ 
mitting  vibration,  a  pneumatically  placed  mortar  under  the  trade  name  of 
’•Gunite”  was  used  to  cast  the  shell.  In  this  process,  the  aggregate  and 
cement  is  first  mixed  in  a  dry  state.  The  mixture  is  forced  by  compressed 
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air  through  the  nozzle  of  a  cement  "gun"  where  it  comes  in  contact  with  water 
and  is  projected  against  the  forms  with  considerable  velocity. 

During  the  guniting  operation,  the  heavier  sand  particles  ’l*ebound" 
from  the  forms  and  tend  to  cause  a  richer  mixture  in  contact  with  the  forms 
than  is  found  further  away.  Once  the  concrete  starts  to  adhere,  however,  the 
rebound  is  greatly  reduced. 

The  concrete  was  first  placed  in  the  gable  and  ridge  beams,  re¬ 
moving  the  plastic  chairs  from  under  the  reinforcing  cages  as  the  work  pro¬ 
gressed.  Following  this,  the  concrete  shell  was  placed  between  beams.  Fre¬ 
quent  pauses  were  made,  at  the  discretion  of  the  operator,  to  clean  away  ex¬ 
cess  rebound  before  commencing  work  in  a  new  area.  Final  finishing  was  done 
by  scraping  with  the  edge  of  a  steel  trowel  using  screed  plugs  on  a  one  foot 
square  grid  as  a  guide  to  the  correct  elevations.  The  entire  operation  was 
completed  in  six  hours. 

3.7  Mix  Properties 

The  mix  consisted  of  one  part  cement  to  two  parts  sand,  mixed 
dry.  Three  gallons  of  water  per  bag  were  introduced  at  the  nozzle  of  the 
cement  gun.  The  aggregate  was  well  graded  and  100%  passed  the  No.  4  screen. 

3.  8  Curing  the  Model 

Immediately  upon  completion  of  concreting,  the  model  was  covered 
with  a  large  sheet  of  polythene  to  prevent  drying.  After  twelve  hours,  the 
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polythene  was  removed  and  the  model  was  soaked  with  a  hose.  Burlap  was  laid 
over  the  wet  surface  and  was  itself  soaked  with  a  hose.  The  burlap  was  again 
covered  with  polythene.  Twice  a  day,  for  fourteen  days,  the  polythene  was  re¬ 
moved  and  the  burlap  soaked.  The  formwork  was  removed  before  finally  re¬ 
moving  the  burlap  to  prevent  any  drying  shrinkage  from  taking  place  while  the 
shell  was  restrained  by  the  forms. 

3 . 9  Corner  Supports 

The  model  was  supported  on  four  tripods,  one  at  each  corner.  The 
height  above  the  laboratory  floor  was  sufficient  to  allow  access  to  the  underside 
of  the  shell  to  apply  instrumentation  and  to  examine  the  crack  patterns  during 
and  after  the  tests.  Three  of  the  supports  were  fixed  in  elevation  while  one  was 
vertically  adjustable.  A  corner  shoe  which  was  rigidly  connected  to  the  con¬ 
crete  shell  rested  on  a  one  inch  diameter  steel  ball,  which  rested  in  a  spherical 
recess  in  the  top  of  a  load  cell  which,  in  turn  rested  on  a  roller  bearing  which 
rolled  on  a  flat  plate  rigidly  fixed  to  the  tripod.  Details  of  the  supports  are 
shown  in  FIGURE  3.8  to  3.12  inclusive. 

The  vertically  adjustable  support  was  not  fitted  with  a  roller  bear¬ 
ing,  so  that  it  became  the  '»pinned”  support.  The  remaining  three  supports 
had  roller  bearings  which  were  oriented  in  such  a  way  as  to  confine  the  move¬ 
ment  of  the  point  in  question  to  a  line  joining  the  pinned  support  and  the  respect¬ 
ive  roller.  Thus  the  roller  in  the  corner  diagonally  across  from  the  pinned 
support  was  placed  at  forty  five  degrees  to  each  gable  beam  meeting  at  the 
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FIGURE  3.8  CORNER  SUPPORT  ASSEMBLY 


SUPPORT  TYPE  'A‘  (3-req'd.)  SUPPORT  T  YPE 'B*  ( I  -  req'd.) 

WITH  HORIZONTAL  MOVEMENT  PERMITTED  WITH  ADJUSTABLE  VERTICAL  MOVEMENT 
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FIGURE  3.9  CORNER  SUPPORT  DETAILS 


8 


-26 


00 


'a  ^Rod  X  2"  long 
(Weld  to  plate) 

Depression  on  Bottorn 
face  only  (See  Section  X-X) 


%  "  Stiffener  plates 
8  X  8  X  %  FE 

/z  le 


PLAN 

SCALE  3"  =  |‘-0‘' 


12 

9/  ^ 

0  L - 

n  1 

\  “* — ■“T - 

1  1 

1  1 

i.-'.i 

ELEVATI 

ON 

SCALE  3"  =  I'-O" 


SECTION  X-X 

SCALE  -.  '/2  full  SIZE 


figure  3.10  SHOE  PLATE  DETAIL 


NOTE; 


27 


Bearing 
jacking 
mi  Med 


surface  of 
lever  to  be 


VERTICAL  ADJUSTING  SCREW 

SCALE  I  Vz"  =  l'-  O" 


1/4"  1/4 


9/'y 

ot-^O 

U. 


9/> 


V 


o 


o 


I 

e 


9  X  9  X  V4  ft 


SECTION  C-C 

SCALE  ;  3"  =  r-  0* 


FIGURE  3.11  SETTLING  SUPPORT  DETAIL 


28 


%"  .  2  Vz" 

CO 

(typ) 

©  0 

© © 

SECTION  Y-Y  CROSS  SECTION  THRU  0, 

LOAD  CELL  DETAIL 

SCALE  '/2  SIZE 


plan  view  section  Z-Z 


ROLLER  DETAIL 

SCALE  '/2  full  size 


FIGURE  3.12  LOAD  CELL  AND  ROLLER  DETAILS 


29 


corner. 

A  closeup  view  of  the  corner  support  is  given  in  FIGURE  3.16.  The 
three  bolts  which  held  the  corner  shoe  in  position  while  concrete  was  placed 
were  left  in  position  during  all  testing,  but  the  nuts  were  loosened  and  the  bolts 
were  not  permitted  to  bind  during  the  test.  It  was  felt  that  in  the  event  of  a 
roller  slipping  out,  the  bolts  would  prevent  excessive  damage  to  the  shell.  As 
it  was  later  discovered,  such  precaution  was  unnecessary. 

3.10  Test  Setup 

FIGURE  3. 17  shows  an  overall  view  of  the  testing  equipment  used. 
The  load  was  applied  at  a  single  point  by  an  Amsler  hydraulic  jack  of  forty  four 
kips  capacity.  This  load  was  distributed  through  a  series  of  pin  jointed  members 
to  rubber  bearing  pads  on  the  surface  of  the  shell  on  a  one  foot  square  grid. 

The  jack  was  bolted  to  the  main  beam  of  the  loading  frame  and  was  adjustable 
along  the  length  of  that  beam.  As  a  safety  feature,  a  load  catching  device  was 
suspended  from  the  loading  frame  to  a  saddle  about  two  inches  below  the  main 
beam  of  the  load  distributing  system. 

The  load  was  measured  by  the  Amsler  Pendulum  Dynamometer, 

Type  PM  103,  seen  in  the  foreground  of  FIGURE  3.17. 

The  apparatus  on  the  left  is  an  automatic  data  processor  which  was 
used  to  record  surface  strains  on  the  model  and  will  be  described  in  more  de¬ 


tail  in  Chapter  IV. 


OilT  .8I.R  ni  nevig  ai  t'fr>qqua  'joo'Jo  j  yrfl  io  W9iv  qusaolo  A 

booiilq  8CV/  ai^'ionoo  ^iiriw  noiJiBoq  ni  sotia  'jon'xoo  orf^  blod  xfoiilw  ellod 
e^jod  3flJ  bnjj  banoaool  9*J9W  ainri  odJ  ind  ^gniiaql  IJb  ^ni'inb  noiliaoq  ni  i'lsl  9i&w 
£  lo  Jnavi)  srll  ni  J£il^  ilf)}  aev/  II  .Iasi  arit  ^xirinb  bnid  ol  bDlIixmoq  Ion  anew 
aA  .ilaxia  yriJ  oI  ogurntib  eviaaaoxs  Jn^vonq  blnow  aliod  ydJ  ,JiJo  jjniqqila  lalio'i 

.^'ixiaa^ooiinn  b«v/  aoiJnnnuiq  rloua  ^bo'iy/ooaib  uolsl  bbw  It 

qjjlog  laoT  01,8 

.bo0w  Inomqinpy  ^nitaot  adl  Io  weiv  lUnevo  ha  aworia  TI  .8  aiTJOri 
nuoi  Ytno'i  io  dont  oHwi-ibyd  'lyiarnA  iib  yd  Jnioq  signia  &  is  boilqqn  enw,  bfiol  sdT 
tidniom  botnioc  niq  to  eoinea  £  d;juoidt  botncfi'datb  hbw  bfiol  aidT  .Y-tiofiqiio  aqirf 
.bing  oicnpa  tool  ©no  /*  no  iioxla  •.;xiJ  io  ou^inna  o/ft  xio  abnq  j^ni'xnad  leddun  ol 
©Jd£it8x/(b£  a£V/-  bnn  ©mini  ^gnxbxiof  oxlJ  io  mxiiwi  nlism  oxiJ  ol  botlod  asw  jioat  drfT 
8fiw  ooxvsb  snixiobi©  bjjoi  n  .©nuinsi  yisJea  b  aA  .mnad  jx;xit  io  dt^^xiol  ©dJ  anoln 
niBfti  ©dj  v/oiod  aodoxix  owl  tuodn  ©Ibbus  n  o3  ©mt.'ii  yaibx^ol  ©dl  cflo'il  babxioqeua 

.fxjsiav.a  sxiiiudi’xjaib  bsoi  orit  io  xrrBsd 
,i©iocnorfXBnvQ  rnulubxtyq  -lolafflA  odt  yd  b8njj8£©£n  sbw  bBoi  odT 

.ri.8  HHUOia  io  bfluo-igo-xoi  ©ril  ai  noee  ,801  eq^T 
axjw  doidv/  loaaooo'iq  ctxifa  oiitfxiotxjB  hb  at  Jlol  ©iti  no  autBxBqqB  ©dT 
-©b  ©nora  al  bediivaob  ©d  Urv/  bxxx^  [obom  ©ril  no  anijriie  ©oBi'iua  bnooQi  ot  boaxx 


.VI  n©tqBdD  ni  lint , 


30 


3.11  Load  Distributing  System 

The  load,  as  mentioned  previously,  was  applied  at  the  midspan  of 
beam  B6  as  shown  in  FIGURE  3.13.  This  beam  was  pinned  at  each  end  so  that 
half  the  load  was  distributed  to  each  beam  B5.  In  a  similar  way,  the  load  was 
further  subdivided  by  pin  ended  beams  until  finally,  it  was  applied  as  sixty  four 
point  loads  at  each  end  of  each  Beam  Bl.  These  point  loads  were  applied  to  3" 

X  3"  plywood  plates  with  3"  x  3"  x  1/2”  rubber  bearing  pads  glued  to  the  under¬ 
side  of  the  plywood.  In  this  way,  it  was  thought  that,  as  nearly  as  practicable, 
the  applied  load  could  be  considered  as  uniformly  distributed  over  the  surface  of 
the  shell. 

Furthermore,  by  simply  shifting  the  position  of  the  jack  along  beam 
B6,  the  amount  of  uniform  load  on  one  half  of  the  shell  could  be  varied  with  re¬ 
spect  to  the  load  on  the  other  half.  By  applying  the  load  at  the  junction  of  beam 
B5  and  B6,  theoretically  all  the  load  is  applied  to  one  half  of  the  shell  only.  In 
actual  practice,  a  small  portion  of  the  load  may  be  transmitted  to  the  opposite 
side  due  to  frictional  resistance  to  rotation  on  the  head  of  the  jack. 

Details  of  the  individual  beams  in  the  load  distributing  system  are 


given  in  FIGURES  3. 14  and  3. 15. 
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FIGURE  3.13  GENERAL  ARRANGEMENT  OF  LOADING  SYSTEM 
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FIGURE  3.14  LOAD  DISTRIBUTION  SYSTEM  DETAILS 


32 


FIGURE  3.16  VIEW  OF  TYPICAL  SUPPORT 


FIGURE  3.17  VIEW  OF  TEST  SETUP 
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CHAPTER  IV 


TESTING  PROGRAM 


4. 1  Description  of  Tests 

In  total,  seven  tests  were  carried  out  on  the  shell,  each  test  unique 
in  at  least  one  respect,  however,  the  testing  may  be  broken  down  into  three 
main  categories.  The  first  was  a  uniform  load  over  the  entire  shell  surface, 
the  second  a  uniform  load  over  only  two  adjacent  quadrants  and  the  third  a  test 
on  the  effect  of  a  foundation  settlement  at  one  corner  without  the  application  of 
any  superimposed  load  other  than  the  weight  of  the  load  distributing  device. 
FIGURE  4. 1  shows  the  various  load  patterns  used  in  Tests  1  through  7. 

4.2  Symmetrical  Load  Tests 

Tests  1,4,6  and  7  were  each  carried  out  with  uniform  load  over 
the  entire  shell  surface.  In  Test  1,  a  one  half  inch  tie  rod  was  used,  which 
was  sized  on  the  basis  of  conventional  membrane  analysis  as  mentioned  pre¬ 
viously  and  is  considered  representative  of  a  typical  prototype  designed  eco¬ 
nomically.  Test  4  is  almost  identical  to  Test  1  and  serves  as  a  check  on  the 
latter.  The  only  difference  was  the  method  of  reading  the  strain  gauges  which 
will  be  mentioned  later.  In  Tests  1  and  4  the  load  was  increased  in  increments 
of  one  thousand  pounds  to  a  maximum  of  8,000#  and  6,000#  respectively. 
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FIGURE  4.1  SUMMARY  OF  LOADING  PATTERNS  USED 


I 


L. 


1 


4 


f 


4 


r-# 


i 


4  «  ;^  ■ 


•  t 


# 


j 

t 

I 


t 

» 

i 

i 

(■ 


i 


r 


\ 

» 


V* 

I 


f  •aitit, 


37 


In  Tests  6  and  7,  the  half  inch  diameter  tie  rods  between  corners 
were  left  in  position,  but  in  addition,  three  quarter  inch  diameter  tie  rods  were 
added,  thus  considerably  reducing  the  lateral  extension  of  the  shell  under  load. 
This  represents  a  condition  which  would  not  be  likely  to  occur  in  a  prototype 
structure  unless  the  ties  were  grossly  overdesigned  or  the  abutments  received 
firm  support  from  the  ground  (such  as  abutments  founded  in  bedrock).  However, 
the  tie  rods  were  required  in  Test  7  to  preclude  a  trivial  failure  by  yielding  of 
the  steel  tie  rods.  The  loads  were  increased  in  increments  of  one  thousand 
pounds  to  6,000#  in  Test  6  and  to  failure  in  Test  7. 

4.3  Asymmetrical  Load  Tests 

Test  2  was  carried  out  using  a  uniformly  distributed  load  over  one 
half  of  the  structure  only,  the  opposite  half  under  load  in  Test  3.  Loads  were 
incremented  in  500#  steps  in  each  test,  to  a  maximum  of  3,000#. 

4.4  Foundation  Settlement 

To  simulate  differential  settlement  in  the  foundations,  one  of  the 
supports,  by  means  of  the  vertical  adjustment  in  the  tripod,  was  gradually  low¬ 
ered  from  its  original  position.  Each  increment  of  settlement  was  0. 1"  to  a 
maximum  of  one  inch.  In  the  latter  part  of  the  test,  the  support  was  returned, 
again  in  increments,  to  its  original  position. 

4.  5  Test  to  Destruction 

Had  it  been  possible  to  fail  the  model  in  more  than  one  way,  the  re- 
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suits  may  have  proved  very  interesting.  Unfortunately,  once  failure  has  taken 
place,  the  model  is  no  longer  useful  for  further  testing.  Much  consideration 
was  given  to  which  mode  of  failure  should  be  chosen  to  provide  the  most  useful 
information  and  it  was  decided  that  the  uniform  load  should  be  used  since  only 
under  uniform  load  could  the  membrane  theory  be  employed  as  a  basis  for  pre¬ 
dicting  ultimate  capacity. 

4.6  Test  Procedure 

At  the  beginning  of  each  test  zero  readings  were  taken  and  recorded 
for  deflections  and  strains.  Strains  and  deflections  at  various  points  on  the 
shell,  as  will  be  discussed  in  Chapter  V,  were  measured  at  each  load  (or 
settlement)  increment.  Strains  in  the  tie  rods  and  load  cells  were  also  measur¬ 
ed. 

In  order  to  measure  all  the  strain  gauges,  due  to  the  limited  capac¬ 
ity  of  the  recorder,  it  was  necessary  to  change  eight  cables  in  the  rear  of  the 
console.  In  Test  1,  this  change  was  made  after  each  loading  increment  and  it 
was  thought  that  erroneous  readings  were  resulting  from  variable  contact  re¬ 
sistance  of  the  connections. 

To  eliminate  this  problem,  it  was  decided  to  run  through  the  load¬ 
ing  sequence  twice,  once  for  each  set  of  a  hundred  gauges,  thereby  eliminating 
the  necessity  for  changing  connections  after  the  zero  readings  had  been  record¬ 
ed.  This  technique  was  used  in  Test  2  and  all  subsequent  tests,  and  this  is  the 
only  difference  between  Test  1  and  Test  4. 
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In  the  test  to  failure,  Test  7,  in  order  to  obtain  readings  for  all 
gauges,  the  earlier  method  of  changing  cables  at  each  load  increment  was  at¬ 
tempted  once  again.  Unfortunately,  the  results  proved  erratic  so  that,  finally, 
the  method  was  abandoned.  As  a  result,  only  half  the  strains  were  recorded  in 
Test  7.  This  meant  that  most  of  the  gable  and  ridge  beam  strains  were  record¬ 
ed,  but  none  of  the  shell  strains  were  included. 
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CHAPTER  V 


INSTRUMENTATION 


5.1  Introduction 

To  gain  as  much  information  about  the  behaviour  of  the  shell  as  pos¬ 
sible,  a  large  number  of  measurements  were  required.  These  included  the 
measurement  of  (a)  corner  reactions,  (b)  tie  rod  strains  and  forces,  (c)  sur¬ 
face  strains  on  the  shell  and  beams,  and  (d)  deflections  of  the  ridge  and  gable 
beams.  It  was  the  function  of  the  instrumentation  to  accurately  measure  these 
values  for  each  load  increment  in  a  relatively  short  time  so  that  each  test 
could  be  conducted  in  a  continuous  operation  without  having  to  compensate  for 
the  effects  of  varying  temperature  and  humidity  or  random  drift  of  the  gauges 
with  time. 

5.2  Load  Cells 

Although  the  corner  vertical  reactions  for  most  of  the  tests  could 
be  calculated  from  symmetry  and  statics,  it  was  thought  that  an  actual  measure¬ 
ment  of  the  reactions  would  serve  as  a  check  on  how  well  the  load  distributing 
apparatus  was  functioning. 

The  basic  requirements  of  a  load  cell  are  (a)  to  carry  the  maximum 
expected  load  without  excessive  strain  and  (b)  to  measure  loads  much  smaller 
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than  the  maximum  with  sufficient  sensitivity  to  make  the  results  meaningful. 

The  principle  of  the  load  cell  is  that  loads  are  calculated  from  a  measured 
strain  on  a  known  cross  sectional  area.  The  material  which  best  satisfies  re¬ 
quirements  (a)  and  (b)  above  is  one  which  has  a  high  ratio  of  proportional  limit 
to  Young's  modulus.  The  material  selected  for  these  tests  was  a  high  strength 
steel,  having  an  ultimate  strength  of  100  ksi  which  enabled  the  loads  to  be 
measured  to  within  a  tolerance  of  about  fifty  pounds. 

A  three  inch  length  of  one  inch  diameter  high  strength  steel  tube 
with  a  wall  thickness  of  one  sixteenth  of  an  inch  was  pressed  into  undersize 
holes  in  the  cap  plate  and  base  plate.  Details  of  the  construction  of  the  load 
cell  were  shown  earlier  (FIGURE  3.12).  The  load  was  introduced  by  means  of 
a  one  inch  diameter  steel  ball,  seated  in  a  spherical  recess  machined  in  the 
cap  plate  concentrically  over  the  axis  of  the  tube.  Each  load  cell  had  two 
strain  gauges  connected  in  series.  These  were  mounted  parallel  to  the  axis 
of  the  tube  and  diametrically  opposite.  The  average  of  the  two  gauges  was 
read,  which  automatically  compensated  for  the  effect  of  accidental  eccentric¬ 
ities  which  may  have  been  present  due  to  errors  in  machining.  The  temperature 
compensating  gauge  was  built  in  a  similar  way,  using  a  scrap  length  of  tubing. 

The  load  cells  were  calibrated  by  applying  a  known  load  using  the 
Amsler  hydraulic  jack  and  recording  the  resulting  strain  by  means  of  a  Bald¬ 
win  Strain  Indicator.  After  the  load  cells  were  installed  in  the  model,  they 
were  hooked  up  permanently  to  the  same  indicator  and  the  results  were  read 
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manually  for  each  load  increment  in  each  test. 

5.3  Tie  Rods 

To  determine  the  force  in  the  tie  rods,  a  single  strain  gauge  was 
mounted  on  each  of  the  tie  rods  at  the  mid-length  of  the  rod.  The  temperature 
compensating  gauge  consisted  of  a  short  length  of  similar  rod  with  a  single 
strain  gauge  mounted  thereon. 

5.4  Measurement  of  Surface  Strains 

In  order  to  read  the  large  number  of  strain  gauge  outputs  required, 
a  100  channel  digital  data  processor,  recently  constructed  by  the  Mechanical 
Engineering  Department  at  the  University  of  Alberta,  was  used.  The  task 
of  manually  balancing,  reading  and  recording  the  large  number  of  strains  re¬ 
quired  in  these  tests  would  be  very  time  consuming  with  resulting  errors  due 
to  creep  of  concrete,  changes  in  temperature  and  humidity  and  difficulty  in 
maintaining  constant  load  over  an  extended  period.  An  automatic  means  of 
measuring  strains  in  such  a  project  was  considered  mandatory. 

A  complete  description  of  the  data  processor  is  given  by  Bellow 
and  Kennedy  (1963)  and  the  following  is  a  very  brief  summary  of  its  salient 
features . 

5.5  The  Data  Processor 

The  data  processor  consists  of  two  balancing  modules,  each  with 
one  hundred  channels,  a  one  hundred  channel  scanning  unit,  an  analog  digital 
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voltmeter ,  a  program  unit  and  a  combination  typewriter  and  tape  perforator  out¬ 
put  which  may  be  used  singly  or  collectively. 

Each  balancing  module  is  made  up  of  two  groups  of  fifty  channels 
each.  Initial  balancing  of  each  channel  is  accomplished  by  adjusting  finely 
machined  screws  on  the  front  of  the  machine  which  in  turn  deflect  a  small  canti¬ 
lever  beam,  thereby  changing  the  resistance  of  strain  gauges  mounted  on  the 
upper  and  lower  surfaces  of  the  beam.  These  gauges  serve  as  two  arms  on 
the  Wheatstone  bridge. 

The  scanning  unit  sequentially  samples,  manually  or  automatically 
up  to  one  hundred  channels  of  information.  When  used  in  conjunction  with  the 
typewriter  output,  one  hundred  channels  are  processed  in  four  minutes,  al¬ 
though  a  much  faster  rate  is  possible  when  the  tape  perforator  output  is  used 
alone.  Gold  plated  contacts  in  the  scanning  unit  minimize  variations  in  contact 
resistance.  The  channel  number  is  visually  displayed  in  neon  lights  on  the 
front  panel  of  the  unit. 

After  the  channel  is  selected,  the  unknown  voltage  is  fed  to  the 
analog  digital  voltmeter.  This  unit  automatically  balances  the  unknown  signal 
against  a  standard  voltage.  When  balance  is  attained,  a  null  indicator  on  the 
front  panel  is  extinguished  and  the  digital  value  with  its  algebraic  sign  is  dis¬ 
played  in  neon  lights . 

The  program  unit  controls  the  operation  of  the  scanner  and  digital 
voltmeter  and  will  sequentially  arrange  the  data  and  control  the  format  of  the 
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data  in  the  output  devices.  It  controls  the  method  in  which  the  data  is  sampled 
and  the  final  output  form . 

The  data  may  be  recorded  in  either  or  both  of  two  ways,  (1)  it  may 
be  recorded  on  an  electric  typewriter  and  (2)  it  may  be  punched  out  on  a  perfor¬ 
ated  tape  which  in  turn  may  be  introduced  as  data  to  a  Royal  McBee  LGP-30 
computer.  In  these  tests,  all  information  was  recorded  on  the  typewriter  out¬ 
put  only. 

5.6  Location  of  Strain  Gauges 

A  total  of  one  hundred  and  fourteen  SR -4  strain  gauges  and  twenty 
ei^t  strain  rosettes  were  mounted  on  the  surface  of  the  model  giving  a  total  of 
one  hundred  and  ninety  eight  individual  readings,  requiring  the  full  capacity  of 
the  data  processor.  The  strain  gauges  were  type  A-5-1-S6  paperbacks  with  a 
resistance  of  120  ohms  and  a  gauge  factor  of  2.00  plus  or  minus  one  percent. 

All  gauges  had  a  gauge  length  of  one  half  inch.  Eighty  gauges  were  mounted  on 
the  upper  and  lower  surfaces  of  the  ridge  and  gable  beams,  while  the  remaining 
thirty  four  gauges  and  all  the  rosettes  were  mounted  on  the  shell  surface  be¬ 
tween  beams.  The  positioning  of  strain  gauges  on  the  model  is  shown  in 
FIGURE  5. 1  where  it  may  be  seen  that  primary  attention  was  focused  on  the 
beams,  the  shell  diagonals  and  generator  KL. 

5.7  Application  of  Strain  Gauges 

Strain  gauge  applications  on  metal  surfaces  presented  no  real  pro- 
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blems.  Th6  mstal  surface  was  first  roughened  with  emery  cloth  and  thorough¬ 
ly  cleaned  with  trichloroethylene  until  no  trace  of  dirt  was  visible  on  a  white 
paper  tissue  after  wiping  the  surface  of  the  metal  with  the  tissue.  Budd  GA-1 
contact  cement  was  used  to  bond  the  strain  gauge  to  the  metal  surface.  The 
cement  comes  in  a  kit,  complete  with  neutralizer  and  activator.  After  clean¬ 
ing  the  surface,  the  neutralizer  was  applied  and  later  wiped  dry.  The  strain 
gauge  was  positioned  with  a  small  piece  of  cellulose  tape  adhering  to  the  felt 
protective  cover  of  the  gauge  and  to  the  metal  surface  on  one  side  of  the  gauge 
location.  The  tape  was  folded  back  so  that  the  contact  surface  of  the  gauge 
was  turned  up.  Activator  was  spread  over  the  gauge  and  allowed  to  dry  com¬ 
pletely  before  spreading  cement  on  the  metal  surface.  The  gauge  was  then 
pressed  against  the  metal  surface,  guided  to  the  correct  position  by  the  tape, 
and  was  held  firmly  with  a  uniform  finger  pressure  until  the  cement  had  set. 

Application  of  strain  gauges  to  concrete  surfaces  presented  a  more 
difficult  problem.  Several  types  of  adhesive  were  tried  and  the  results  are 
summarized  in  Appendix  A.  As  a  result  of  these  trials,  the  cement  which  was 
finally  selected  to  size  the  concrete  surface  was  Budd  GA-5  with  activator. 
This  material  was  spread  over  the  area  to  receive  the  strain  gauge  and  allow¬ 
ed  to  set  for  two  days.  All  the  small  surface  depressions  were  filled  by  the 
cement,  and  excess  thickness  of  cement  was  removed  by  grinding.  The  strain 
gauges  were  then  cemented  to  the  sized  surface  with  CIL  household  cement. 

Wires  were  tied  in  bundles  on  a  bench,  each  wire  banded  with  the 
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appropriate  gauge  number  at  each  end.  These  bundles  were  attached  to  the 
shell  surface  by  taping.  On  the  underside  of  the  shell,  it  was  found  that  the 
tape  did  not  continue  to  adhere  to  the  concrete,  and  a  very  effective  method  of 
keeping  the  wires  in  position  was  found  by  using  contact  cement,  spreading  a 
small  quantity  on  both  the  wire  bundle  and  the  concrete  surface.  The  wires 
were  then  soldered  to  the  strain  gauges  and  the  opposite  ends  were  connected 
to  a  junction  box  which  was  clamped  to  one  of  the  columns  of  the  loading  frame. 

5.8  Deflection  Measurements 

To  measure  deflections  of  the  ridge  and  gable  beams,  Ames  dials 
were  mounted  at  one  foot  centres  along  all  beams.  A  total  of  forty  one  Ames 
dials  were  positioned  as  shown  in  FIGURE  5.2.  Under  the  stem  of  each  dial, 
a  small  metal  platen  was  cemented  to  the  surface  of  the  model  to  provide  a 
smooth  bearing  surface  for  the  dial.  The  steel  angles,  which  had  served  as 
the  outer  forms  for  the  gable  beams  at  an  earlier  stage,  now  became  the  sup¬ 
ports  for  the  Ames  dials.  A  view  of  the  dials  mounted  over  the  model  is  given 
in  FIGURE  5.3.  Deflection  measurements  were  taken  for  each  load  (or  settle¬ 


ment)  increment  in  each  test. 
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FIGURE  5.3  VIEW  OF  COMPLETED  INSTRUMENTATION 


FIGURE  5.4  VIEW  OF  DIGITAL  DATA  PROCESSOR 
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CHAPTER  VI 


PRESENTATION  AND  DISCUSSION 
OF  SYMMETRICAL  LOAD  TESTS 


6.1  Introduction 

Included  in  the  symmetrical  load  series  are  Test  1,  4,  6  and  7. 
With  the  exception  of  Test  7,  which  was  carried  to  destruction,  the  maximum 
load  applied  to  the  shell  was  eight  thousand  pounds  in  Test  1.  The  maximum 
load  in  Tests  4  and  6  was  six  thousand  pounds. 

Strain  versus  load  diagrams  were  plotted  for  each  gauge  for  every 
load  increment  in  Tests  1  and  4.  With  only  two  exceptions,  the  variation  in 
strain  was  linear  with  respect  to  load.  It  may  be  concluded  from  this  that  each 
component  of  the  model  behaved  elastically  for  loads  not  in  excess  of  eight 
thousand  pounds.  Six  thousand  pounds  has  been  used  as  a  basis  for  comparison 
of  the  various  relationships  discussed  herein.  For  loads  less  than  six  thousand 
pounds,  the  strains,  deflections,  bending  moments  and  axial  thrusts  should  be 
proportionately  reduced.  A  few  typical  strain  versus  load  curves  are  plotted 
in  FIGURE  6. 1  which  illustrate  the  linearity  of  measured  strains  through  the 
various  loading  stages. 
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6 . 2  External  Reactions 

The  measured  vertical  reactions  at  the  four  corners  of  the  shell 
checked  well  with  statics.  The  average  value  was  found  to  be  1,540  pounds,  or 
a  total  of  6,160  pounds  over  the  entire  shell,  just  160  pounds  greater  than  the 
applied  load. 

The  average  tie  rod  strain  was  found  to  be  457  microinches  per 
inch  which  corresponds  to  an  average  tie  rod  force  of  2,600  pounds. 

6.3  Gable  Beams 

Measured  strains  versus  distance  from  support  for  the  top  and 
bottom  fibres  of  the  gable  beams  are  plotted  in  FIGURES  6.2  and  6.3  for  Tests 
1  and  4  respectively.  The  distance  from  support  is  given  in  terms  of  the  dis¬ 
tance  ''a",  which  is  the  span  of  each  shell  quadrant,  half  the  span  of  the  struct¬ 
ure,  or  in  this  case,  four  feet.  These  are  composite  plots,  so  that  the  plotted 
values  are  taken  from  more  than  one  member.  This  is  justified  due  to  sym¬ 
metry. 

A  study  of  the  points  reveals  that  they  are  quite  closely  grouped  in 
the  central  portion  of  the  beams.  A  considerable  scatter  of  values  is  found  at 
the  extremities  of  the  beams.  Three  of  the  measured  strains  in  the  bottom 
fibres  in  the  vicinity  of  the  ridge  fall  completely  off  the  graph.  It  should  be 
noted,  however,  that  the  cracking  strain  for  the  concrete  is  probably  in  the 
order  of  one  hundred  microinches  per  inch  (negative  values  on  the  graph  in¬ 
dicate  tensile  strain).  It  is  felt  that  the  high  values  in  this  region  are  caused 
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FIGURE  6.2  MEASURED  STRAINS  IN  GABLE  BEAMS  -  TEST  I  -  6000  LOAD 
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by  the  presence  of  cracks  in  the  gauge  length.  For  this  reason,  all  readings 
considerably  in  excess  of  one  hundred  microinches  per  inch  tension  have  been 
discarded  as  meaningless. 

The  solid  line  represents  the  joining  of  the  numerical  averages  of 
the  individual  readings.  A  portion  of  the  curve  showing  the  strains  in  the  bot¬ 
tom  fibres  has  been  shown  dotted  since  it  is  not  based  on  the  average  value,  but 
an  extrapolation  of  the  curve  beyond. 

The  curves  plotted  for  Tests  1  and  4  are  almost  identical,  as  is  the 
pattern  of  scatter,  indicating  that  the  individual  gauges  behaved  in  a  consistent 
manner. 

FIGURE  6.4  is  a  similar  plot  for  Test  6,  where  the  tie  rods  were 
stiffened  by  the  addition  of  larger  tie  rods.  It  may  be  seen  that  the  shapes  of 
the  curves  are  similar  to  those  plotted  for  Test  1  and  4,  but  the  compressive 
strains  are  reduced  in  the  top  fibres  and  increased  in  the  bottom  fibres . 

A  similar  plot  for  Test  7  is  nearly  coincident  with  Test  6.  In  ad¬ 
dition,  corresponding  strains  are  plotted  for  a  load  of  twelve  thousand  pounds 
and  it  may  be  seen  that  the  strain  -  load  relationship  is  not  far  from  linear. 

Before  plotting  absolute  deflections  of  the  gable  beams,  the  measur¬ 
ed  values  were  corrected  for  lateral  strain  in  the  model  under  load.  Since  the 
deflection  gauges  were  bearing  on  sloping  metal  platens,  a  horizontal  movement 
of  the  platen  produced  an  indicated  deflection  in  the  dial.  The  magnitude  of 
horizontal  movement  for  each  platen  was  calculated  from  its  distance  from  the 
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’"pinned"  support  and  from  the  total  strain  from  one  support  to  another,  which 
could  be  found  from  the  tie  rod  strains.  Thus  if  the  tie  rod  strain  were  100 
microinches  per  inch,  the  overall  strain  over  the  length  of  the  tie  rod  would  be 
9,600  microinches.  A  gauge  point  twenty  four  inches  from  the  pinned  support 
would  have  moved  2,400  microinches  horizontally  towards  the  moveable  sup¬ 
port,  resulting  in  an  indicated  deflection  of  2,400  sin  <x  microinches,  where 
cj^  is  the  slope  of  the  gable  beam.  The  measured  deflection  would  be  reduced 
by  2,400  sin  oc .  For  a  point  five  feet  from  the  pinned  support,  the  measured 
deflection  would  be  increased  by  6,000  sin  oc,  as  the  indicated  deflection  beyond 
the  ridge  beam  was  of  opposite  sign  due  to  the  downhill  slope  of  the  far  gable 
beam.  No  correction  was  required  in  the  case  of  ridge  beam  deflections  since 
they  were  horizontal. 

FIGURES  6.6  and  6.7  show  a  composite  plot  of  the  deflected  shape 
of  the  gable  beam  for  Tests  1,4,6  and  7.  Considerable  scatter  is  found  in  the 
plotted  points  which  indicates  that  the  conditions  of  symmetry  were  not  entirely 
fulfilled  by  either  the  model  or  the  load  distributor,  or  both.  It  is  evident,  how¬ 
ever,  that  the  deflections  in  Tests  6  and  7  are  considerably  less  than  in  Tests 
1  and  4  which  fact  is  attributed  to  the  heavier  tie  rods. 

Bending  moments  for  the  beams  were  calculated  in  two  ways.  From 
the  strain  readings  on  the  top  and  bottom  fibres,  the  bending  moment  may  be 
found  from  elementary  bending  theory  to  be: 
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d 

Secondly,  bending  moments  may  be  calculated  from  the  deflection 
readings  using  the  relationship: 

M  =  d^v 
El  dx^ 

An  attempt  was  made  to  write  a  polynomial  of  the  form 

y  =  Ax'^  +  Bx^  +  Cx^  +  Dx  +  E 

and  by  inserting  the  measured  values  of  deflection  at  the  corresponding  value 
of  X,  to  solve  for  the  constants  A,  B,  C,  D  and  E.  This  resulted  in  a  smooth 
curve,  but  the  second  differential  was  of  necessity  a  second  order  curve  which 
was  not  necessarily  correct.  Finally,  the  bending  moment  was  calculated  using 
the  method  of  finite  differences,  taking  the  second  difference  in  the  measured 
deflections  as  a  concentrated  angle  change  and  assuming  that  the  average  angle 
change  over  a  given  interval  was  the  concentrated  angle  change  divided  by  the 
length  of  interval.  This  permitted  the  bending  moment  diagram  to  assume  any 
shape. 

A  study  of  FIGURE  6.8  (a)  and  (b)  indicates  that  the  bending  mom¬ 
ents  as  found  from  the  deflection  readings  were  considerably  greater  than  those 
found  from  the  strain  readings ,  but  the  same  general  trend  is  found  by  each 
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method.  This  deviation  is  attributed  to  cracks  in  the  beams,  which  were  notic¬ 
ed  in  the  higher  loads  in  Test  1  and  remained  throughout  all  other  tests.  Since 
the  uncracked  moment  of  inertia  was  used  in  the  calculation  of  bending  moments, 
and  since  the  section  was  in  fact  cracked  in  the  areas  of  high  moment,  the  in¬ 
dicated  bending  moments  based  on  deflections  could  be  expected  to  be  high.  In¬ 
dicated  bending  moments,  as  computed  from  deflection  readings,  are  extreme¬ 
ly  sensitive  to  slight  errors  in  measurements  and  serve  only  as  a  rough  check 
on  the  accuracy  of  the  strain  readings . 

The  effect  of  cracks  on  the  strain  gauge  readings  is  not  so  simple. 
Where  a  crack  occurs  within  the  gauge  length,  the  reading  is  excessive.  When 
this  excess  was  apparent,  the  reading  was  discarded  in  determining  both  bend¬ 
ing  moments  and  axial  thrusts.  Where  a  strain  gauge  occurs  between  cracks, 
the  indicated  strain  is  lower  than  would  be  expected  if  the  cracks  were  not  pre¬ 
sent.  In  processing  data,  however,  it  is  not  known  whether  cracks  were  pre¬ 
sent  or  not ,  so  that  the  indicated  strains  are  taken  as  the  actual  strain  of  an 
elastic,  uncracked  section.  The  gauges  on  the  compressive  face  of  a  beam 
having  cracks  on  the  opposite  side  would  tend  to  read  higher  than  would  be  ex¬ 
pected  without  cracks . 

The  net  effect  of  the  presence  of  cracks  on  bending  moments  de¬ 
rived  from  strain  readings  is  probably  to  produce  apparent  moments  which  are 
lower  than  the  actual  moments. 

The  conclusion  drawn  from  the  above  discussion  is  that  the  solid 
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and  dotted  curves  in  FIGURE  6.8  represent  a  lower  and  upper  bound  respective¬ 
ly  to  the  actual  bending  moments  in  the  gable  beams,  but  it  is  thought  that  the 
strain  readings  are  a  more  reliable  measure  of  actual  B.M.  than  the  deflec¬ 
tion  readings. 

It  may  be  seen  that  the  positive  moment  in  Test  6  and  7,  where  the 
additional  tie  rods  were  used,  is  reduced  from  the  value  found  in  Tests  1  and  4, 
although  the  negative  moments  at  the  support  are  nearly  the  same. 

Axial  thrusts  computed  from  strain  measurements  for  the  gable 
beams  are  plotted  for  the  uniform  loading  series  in  FIGURE  6.9  (a)  and  (b) . 
FIGURE  6.9  (a)  shows  that  in  Test  1  and  4  the  maximum  thrust  occurs  at  the 
support,  gradually  diminishing  towards  the  centre  as  predicted  by  membrane 
theory.  The  rate  of  transfer  of  stress  to  the  shell  in  the  central  half  of  the 
gable  beam  is  considerably  lower  than  would  be  expected,  leaving  a  residual 
compression  in  the  gable  beam  at  the  ridge.  Tests  6  and  7  follow  the  same 
general  pattern,  but  the  magnitude  of  the  residual  compression  in  the  gable  at 
the  ridge  is  notably  reduced  due  to  the  additional  tie  rods.  In  both  cases,  the 
thrust  in  the  vicinity  of  the  support  is  lower  than  predicted  by  membrane  theory. 
This  is  attributed  to  the  flange  action  of  the  shell  which  effectively  increases 
the  area  of  the  beam . 

6.4  Ridge  Beams 

FIGURES  6.10  and  6.11  indicate  the  magnitude  of  measured  strains 
in  the  ridge  beams  for  Tests  1  and  4.  Again,  as  for  the  gables,  the  curves 
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are  similar,  each  showing  a  peculiar  change  in  continuity  in  the  bottom  strains 
near  the  support.  FIGURE  6. 12  is  a  similar  plot  for  Test  6  and  although  the 
general  shape  of  the  curves  is  not  unlike  those  for  Tests  1  and  4,  the  absol¬ 
ute  magnitude  of  strains  is  considerably  reduced. 

Ridge  beam  deflections  for  all  symmetrical  loading  tests  are  plot¬ 
ted  in  FIGURE  6. 13  (a)  and  (b) .  While  the  heavier  tie  rods  appear  to  have 
slightly  reduced  deflections  in  the  ridge  beams,  the  effect  is  not  so  pronounced 
as  it  was  in  the  case  of  the  gables.  This,  of  course,  could  be  expected,  since 
the  tie  rods  are  directly  connected  to  the  gable  beams. 

Ridge  beam  bending  moments,  calculated  from  deflections  and 
strain  readings  are  plotted  in  FIGURE  6.14.  The  heavier  tie  rods  used  in 
Tests  6  and  7  reduced  the  magnitude  of  the  positive  bending  moment  at  midspan, 
although  not  so  markedly  as  for  the  gable  beams.  The  moments  computed 
from  deflections  again  provide  a  rough  check  on  the  strain  measurements 
but  suggest  a  shift  in  the  point  of  inflection  from  the  position  found  on  the 
basis  of  strains. 

Both  curves  are  decidedly  "S”  shaped,  the  values  of  bending  mom¬ 
ent  dropping  off  rapidly  near  the  support  and  the  ridge  beam  junction.  The  pro¬ 
blem  of  computing  bending  moments  from  strain  measurements  at  the  junction 
of  two  ridge  beams  is  a  complex  problem  in  the  theory  of  elasticity.  In  the 
length  of  the  junction,  the  effective  width  of  each  ridge  beam  is  materially  in¬ 
creased  by  the  presence  of  the  other  beam.  Assuming  the  ridge  beams  to  be 
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FIGURE  6.14  RIDGE  BEAM  BENDING  MOMENTS  DERIVED  FROM  STRAIN  READINGS 
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fective  width  of  flange  increases  toward  the  centre.  This  has  the  effect  of  in¬ 
creasing  the  area  of  the  beam  and  raising  the  neutral  axis,  both  producing  a 
higher  calculated  thrust. 

6. 5  Compression  diagonal  of  Shell 

Measured  strains  in  compression  diagonal  E  J  are  plotted  in 
FIGURE  6. 16  (a)  for  Tests  1  and  4.  The  computed  bending  moments  in  the 
compression  diagonal,  plotted  in  FIGURE  6.16  (b)  show  that  a  small  positive 
moment  occurs  in  the  central  portion,  changing  to  a  large  negative  moment 
near  the  support.  Axial  stresses  plotted  in  FIGURE  6. 16  (c)  remain  nearly 
constant  over  most  of  the  shell,  rising  sharply  toward  the  support.  The  con¬ 
stant  value  in  the  central  portion  agrees  well  with  membrane  theory,  being 
somewhat  higher.  The  sudden  increase  in  axial  thrust  toward  the  support  is 
thought  to  be  a  contributing  factor  toward  the  negative  moments  in  the  gable 
beams  in  that  region.  The  shell  acted  eccentrically  to  the  neutral  axis  of  the 
gable  beam  and  was  resisted  by  the  tie  rod  force  which  was  located  at  the 
neutral  axis.  These  eccentric  forces  produced  a  couple  acting  at  the  end  of 
the  gable,  which  accounts  for  the  bending  moment  at  the  end  of  the  gable  beams. 

FIGURE  6. 17  is  a  series  of  similar  plots  for  Tests  6  and  7.  The 
results  are  very  similar  to  those  found  in  Tests  1  and  4,  so  that  the  addition¬ 
al  tie  rods  had  little  effect  on  the  stresses  in  the  compression  diagonal. 
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6.6  Tension  Diagonal  of  the  Shell 

FIGURE  6.18  (a)  shows  fair  agreement  between  surface  strains  at 
the  various  gauge  points  in  Tests  1  and  4.  The  surface  strains  in  the  upper 
and  lower  fibres  appear  to  be  displaced  by  a  constant  amount,  indicating  a 
nearly  constant  negative  bending  moment  which  is  plotted  in  FIGURE  6. 18  (b) . 
The  magnitude  of  the  bending  moment  is  very  low  as  expected  by  membrane 
theory.  The  axial  stresses,  plotted  in  FIGURE  6.18  (c)  are  nearly  constant  in 
the  central  portion  and  are  slightly  lower  than  membrane  theory  predicts.  At 
the  boundaries,  the  tension  changes  to  a  small  compression  which  is  not  ex¬ 
pected  by  membrane  theory  and  is  attributed  to  edge  disturbances. 

Similar  plots  are  made  for  Tests  6  and  7  in  FIGURE  6.19.  The 
results  are  virtually  identical  to  those  found  in  Tests  1  and  4,  indicating  that 
the  additional  tie  rods  had  no  pronounced  effect  on  the  tension  stresses  in  the 
shell. 

6.7  Generator  K  L 

FIGURE  6.20  (a)  traces  the  surface  strains  in  the  straight  line 
generator  K  L.  The  results  of  Test  1  are  not  included  as  they  did  not  appear 
to  coincide  with  results  in  Tests  4,  6  or  7 .  The  suggested  reason  for  this  dis¬ 
agreement  has  been  explained  earlier  and  is  associated  with  the  test  procedure. 
FIGURE  6.20  (c)  indicates  that  a  nearly  constant  compression  occurs  in  gener¬ 
ator  K  L  whereas  membrane  theory  predicts  that  all  generators  have  zero 


axial  stress. 
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FIGURE  6.21  SURFACE  STRAINS,  BENDING  MOMENTS  8  AXIAL  STRESSES  FOR  SECTION 
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Similar  curves  for  Tests  6  and  7,  in  FIGURE  6.21,  show  very  close 
agreement  with  Test  4  and  again,  the  effect  of  augmenting  the  tie  rods  appears 
to  have  little  effect  on  the  shell  stresses. 

6.8  Discussion  of  Uniform  Load  Series 

It  must  be  remembered  that  all  tests  were  conducted  on  one  model 
and  that  the  results  are  not  sufficiently  numerous  to  form  any  general  con¬ 
clusions  which  may  be  arbitrarily  extended  to  shells  of  larger  size,  of  differ¬ 
ent  rise  to  span  ratio  or  of  different  material.  Scale  effects  in  the  aggregate 
would  be  a  consideration  in  predicting  the  results  on  a  prototype  composed  of 
conventional  concrete.  Variation  in  thickness  to  span  ratio,  eccentricity  of 
beams  to  shell,  variation  in  breadth  to  depth  of  beams,  variations  in  spacing 
of  reinforcing  rods,  degree  of  restraint  provided  at  the  support  are  but  a  few 
of  the  parameters  which  may  be  varied,  and  before  any  general  conclusions 
can  be  drawn,  it  will  be  necessary  to  carry  out  exhaustive  tests  on  many  more 
paraboloids. 

The  strain  measurements  in  the  uniform  load  series  showed  general¬ 
ly  good  agreement  for  the  construction  materials  used.  The  magnitude  of  the 
axial  thrusts  in  the  ridge  and  gable  beams  could  be  reasonably  predicted  from 
simple  membrane  theory,  taking  into  account  some  flange  action  from  the  shell. 
The  rate  of  transfer  of  load  from  the  shell  to  the  beam  appears  to  be  somewhat 
lower  than  membrane  theory  predicts,  but  this  is  expected  since  membrane 
theory  does  not  take  into  account  deformation  of  the  members.  End  moments 
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are  found  in  gable  beams  which  are  thought  to  be  caused  by  the  eccentricity  of 
the  shell  which  has  a  high  compressive  stress  in  the  vicinity  of  the  support 
and  which  produces  a  couple  on  the  gable  end.  Also,  the  gable  beam  is  not 
able  to  rotate  freely  at  the  support  due  to  the  restraint  provided  by  the  other 
gable  beam  intersecting  at  right  angles,  which  has  some  torsional  stiffness  pre¬ 
venting  free  rotation. 

The  shell  stresses  appear  to  have  higher  compressions  than  would 
be  predicted  by  membrane  theory.  This  is  evident  from  the  higher  compressive 
stresses  in  the  compression  diagonal,  the  lower  tensions  in  the  tension  diagonal 
and  the  fact  that  the  generator  K  L  is  in  compression  whereas  membrane  theory 
predicts  no  axial  stress.  This  may  be  explained  qualitatively  as  a  result  of  de¬ 
flections  of  the  ridge  beam.  The  ridge  beams  are  connected  by  a  series  of 
straight  line  generators  to  the  gable  beams.  In  order  for  the  ridge  beam  to  de¬ 
flect,  the  generator  must  either  bend  to  allow  this  deflection  or  remain  straight 
and  force  the  gable  beam  to  move  downward  and  outward.  A  study  of  the  bend¬ 
ing  moment  diagram  for  generator  K  L  indicates  that  some  bending  takes  place, 
but  not  sufficient  to  essentially  change  its  geometry,  so  that  each  generator 
must  act  as  a  compression  strut,  pushing  against  the  gable  beam.  Unfortunate¬ 
ly,  no  horizontal  deflections  were  measured  on  the  gable  beams,  but  in  the  test 
to  destruction,  an  outward  movement  could  be  visually  detected,  as  will  be 
mentioned  in  a  later  section.  In  the  vicinity  of  the  ridge  beams,  the  slope  of 
the  shell  was  very  nearly  zero,  so  that  a  deflection  could  take  place  without 
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causing  the  above  mentioned  effect.  At  the  generator  K  L,  the  slope  was  1:8 
but  the  gable  beam  was  able  to  deflect  both  horizontally  and  vertically  at  its 
midspan.  In  the  vicinity  of  the  support,  the  slope  of  the  shell  was  1:4  and  the 
gable  beams  were  not  able  to  deflect  easily  due  to  constraint  at  the  corners.  It 
is  suggested  that  this  confinement  resulted  in  high  compressive  stresses  in  the 
edge  generators  which,  in  turn  prevented  free  rotation  of  the  ridge  beams. 

Positive  bending  moments  in  the  gable  beams  appear  to  be  due,  al¬ 
most  entirely  to  the  fact  that  the  tie  rods  permitted  the  corner  supports  to 
spread  apart.  Considering  the  gable  beam  as  a  free  body  and  spreading  the 
supports  by  a  distance  equal  to  the  measured  extension  of  the  tie  rods  pro¬ 
duces  a  positive  bending  moment  about  ten  percent  lower  than  the  measured 
value.  Superimposing  a  negative  couple  at  the  ends,  equal  to  the  measured 
negative  moment  and  correcting  for  displacement,  the  positive  moment  agrees 
almost  identically  with  that  measured.  When  the  heavier  tie  rods  were  added, 
the  gable  beam  positive  moment  was  drastically  reduced,  as  would  be  expected. 

The  ridge  beams  used  in  the  model  were  eccentric  to  the  neutral 
surface  of  the  shell  by  a  calculated  distance  of  three  quarters  of  an  inch.  The 
maximum  thrust  by  membrane  theory  is  6,000  pounds  at  the  centre.  Applying 
this  as  an  eccentric  load  (e  =  3/4”)  one  might  predict  a  positive  bending  mom¬ 
ent  of  3/4  X  6,000  =  4,500  inch  pounds,  considerably  more  than  the  measured 
value.  Applying  an  end  moment  to  the  ridge  beam  of  nearly  1,000  inch  pounds, 
the  predicted  positive  moment  would  be  reduced  to  3,500  inch  pounds,  whereas 
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the  value  found  in  the  test  was  in  the  order  of  2,000  inch  pounds  for  the  single 
tie  rods  and  about  1,500  inch  pounds  for  the  double  tie  rods.  It  would  appear 
that  for  this  model,  such  a  design  technique  would  have  erred  on  the  side  of 
safety.  It  would  also  appear  that  such  a  superficial  analysis  is  not  correct 
since  the  ridge  beam  bending  moment  is  affected  by  the  magnitude  of  the  tie 
rod  strain  which  was  not  considered  in  the  above  analysis. 

In  reviewing  the  test  procedure  in  the  light  of  results,  it  should  be 
emphasized  that  in  further  tests  of  this  type,  two  additional  measurements 
should  be  made.  The  first  is  horizontal  as  well  as  vertical  deflections  of  the 
gable  beams.  The  second  is  that  end  rotations  of  the  gable  beams  should  be 
measured  so  that  the  end  value  of  the  bending  moment  could  be  determined  from 


deflection  measurements. 
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CHAPTER  VII 


PRESENTATION  AND  DISCUSSION 
OF  ASYMMETRICAL  LOAD  TESTS 


7 . 1  Introduction 

Included  in  this  chapter  are  the  results  of  Tests  2  and  3  where  load 
was  placed  uniformly  over  one  half  of  the  model  only.  This  condition  may  oc¬ 
cur  in  a  prototype  shell  under  an  unbalanced  snow  load.  While  it  is  not  likely 
to  occur  with  a  slope  as  flat  as  that  of  the  model,  the  National  Building  Code  of 
Canada  (1960)  requires  that  curved  roofs  be  designed  for  an  unbalance  of  snow. 

7 . 2  External  Reactions 

The  horizontal  and  vertical  reactions  were  found  from  strain  read¬ 
ings  in  the  tie  rods  and  load  cells  respectively.  The  values  are  shown  in 
FIGURE  7. 1.  In  Test  2,  the  sum  of  the  vertical  reactions  amounted  to  2,964 
pounds,  only  36  pounds  below  the  applied  load.  In  Test  3,  the  vertical  reactions 
total  3, 105  pounds,  slightly  higher  than  the  total  applied  load. 

In  both  tests,  some  lack  of  symmetry  is  apparent,  but  Test  2  is 
more  symmetrical  than  Test  3  which  suggests  that  the  load  distributing  appar¬ 
atus  was  not  functioning  perfectly  or  that  the  model  itself  was  not  built  in  a 
symmetrical  fashion. 
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7.3  Gables  Parallel  to  Axis  of  Symmetry 

Surface  strains  for  the  top  and  bottom  fibres  respectively  of  gable 
beams  parallel  to  the  axis  of  symmetry  are  plotted  in  FIGURES  7.2  and  7.3. 
The  inset  figure  on  the  upper  right  hand  corner  of  each  figure  shows  the  beams 
under  consideration  in  heavy  outline.  The  loaded  area  is  cross  hatched. 

Due  to  one  less  degree  of  symmetry,  fewer  points  are  plotted  than 
was  the  case  for  the  symmetrical  loading  series,  so  that,  in  general,  less  con¬ 
fidence  may  be  placed  on  these  results.  A  study  of  the  strain  values  shows  that 
considerable  scatter  is  found,  especially  in  the  strains  on  the  bottom  surface 
of  the  beams. 

Measured  deflections,  corrected  for  the  lateral  movement  of  the 
shell  are  plotted  in  FIGURE  7.4.  It  is  interesting  to  note  that  in  Test  3,  Gable 
CFJ  had  a  decidedly  higher  maximum  deflection  than  Gable  ADG  and  higher 
than  either  of  the  gables  in  Test  2.  Reviewing  FIGURE  7.1,  it  may  be  seen 
that  Tie  Rod  CJ  in  Test  3  showed  a  correspondingly  higher  force  than  Tie  Rod 
AG.  This  tends  to  confirm  the  theory  that  the  loading  was  not  symmetrical 
about  the  ridge  beam  in  Test  3. 

Bending  moments  for  the  unsym metrically  loaded  gables  are  found 
in  two  ways,  from  the  strain  measurements  and  from  the  deflection  measure¬ 
ments.  These  are  plotted  in  FIGURE  7.5.  As  before,  the  deflection  measure¬ 
ments  yielded  higher  absolute  values  than  the  strain  measurements,  and  it  is 
felt  that  the  true  values  lie  somewhere  between  the  two  curves. 
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The  shape  of  the  bending  moment  curve  corresponds  very  closely 
with  a  two  span  continuous  beam  having  load  on  one  span  only,  with  some  end 
restraint  provided  at  the  supports.  The  maximum  positive  value  occurs  at  a 
distance  of  about  0.75a  from  the  loaded  support  and  has  a  value  of  approximate¬ 
ly  3,000  inch  pounds.  The  maximum  negative  moment  occurs  roughly  midway 
in  the  unloaded  span  and  has  a  value  of  about  2,000  inch  pounds. 

Axial  thrust  as  computed  from  strain  readings  is  plotted  in 
FIGURE  7.6.  A  large  compression  is  found  in  the  middle  of  the  loaded  span, 
changing  sign  near  the  support,  where  the  beam  force  becomes  tension.  On 
the  unloaded  side,  a  small  tension  is  found  near  the  ridge  beam  and  this  gradu¬ 
ally  builds  up  to  a  sizeable  compression  at  the  unloaded  support. 

7.4  Gables  Perpendicular  to  Axis  of  Symmetry 

Surface  strains  for  the  top  and  bottom  fibres  of  the  loaded  gable 
perpendicular  to  the  axis  of  symmetry  are  plotted  in  FIGURE  7.7.  The  top 
strains  are  widely  scattered,  so  that  it  is  not  known  with  any  certainty  which 
way  the  curve  slopes,  but  the  best  fitting  straight  line  is  drawn  through  the 
points.  Most  of  these  points  are  taken  from  Test  3  where  the  loading  was  sus¬ 
pect  due  to  lack  of  symmetry.  FIGURE  7.8  plots  similar  strains  for  the  un¬ 
loaded  gable  beam  perpendicular  to  the  axis  of  symmetry  of  the  model.  These 
values  agree  quite  closely,  the  majority  of  values  coming  from  Test  2. 

Deflection  measurements  in  the  loaded  and  unloaded  gables  lying 
perpendicular  to  the  axis  of  symmetry  are  found  in  FIGURE  7 . 9  (a)  and  (b) . 
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The  unloaded  gable  has  deflected  significantly  more  in  Test  2  than  in  Test  3 
but  the  deflected  shape  of  the  beams  are  similar  in  each  test. 

The  bending  moment  configuration  of  the  loaded  gable  in  FIGURE 
7 . 10  (a)  as  determined  from  measured  strains  leaves  serious  doubts  as  to  its 
validity.  Probably  the  straight  line  approximation  in  the  top  fibre  strains  is 
responsible  for  the  peculiar  shape  of  curve.  The  dotted  curve  based  on  de¬ 
flections  suggests  that  a  large  positive  moment  exists  over  much  of  the  span, 
probably  dropping  to  zero  at  the  support.  A  study  of  the  deflected  shape  in 
FIGURE  7.9  (a)  seems  to  bear  this  out. 

The  solid  and  dotted  curves  for  the  unloaded  gable  in  FIGURE  7. 10 
(b)  show  very  nearly  the  same  trend  with  the  deflection  values  once  again  yield¬ 
ing  higher  values  of  moment  than  the  strain  readings.  The  value  at  the  support 
is  suspected  to  be  incorrect  based  on  the  discontinuity  of  the  curve  and  also 
deflected  configuration  in  FIGURE  7.9.  The  true  shape  is  thought  to  be  as 
shown  by  the  dashed  line,  so  that  the  support  moment  is  nearly  zero. 

The  axial  thrust  for  the  loaded  gable  plotted  in  FIGURE  7.11  is 
similar  to  the  thrust  line  for  the  symmetrically  loaded  gables  in  Chapter  VI  but 
the  value  of  thrust  appears  to  be  somewhat  higher  at  the  support  and  lower  at 
the  ridge. 

The  unloaded  gable  has  very  nearly  zero  axial  forces  in  the  central 
portion,  the  values  indicating  in  fact  a  tension.  A  sharp  discontinuity  at  the 
support  tends  to  confirm  the  suggested  change  to  the  bending  moment  diagram 
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mentioned  previously  and  the  dotted  extension  is  consistent  with  the  previous 
revision  to  the  moment  curve.  Generally,  throughout  the  testing  program,  it 
was  found  that  strains  near  supports  displayed  the  widest  scatter.  This  is  at¬ 
tributed  to  local  disturbances  due  to  the  presence  of  torsion,  bending  about  the 
vertical  axis  of  the  beam  and  the  effect  of  the  close  proximity  of  the  adjacent 
member. 

7.5  Ridge  Beam  Perpendicular  to  Axis  of  Symmetry 

Strains  for  the  top  and  bottom  fibres  of  the  symmetrically  loaded 
ridge  beam  are  combined  for  each  half  beam  in  a  composite  plot  in  FIGURE 
7. 12  (a)  and  (b) . 

Deflection  measurements  are  plotted  in  FIGURE  7.13.  It  may  be 
seen  that  the  results  for  Test  2  show  a  reasonably  symmetrical  deflection  pat¬ 
tern  for  the  ridge  beam  whereas  the  curve  of  Test  3  is  displaced  to  the  right, 
once  more  confirming  the  theory  that  symmetry  was  lacking  in  Test  3.  Only 
the  curve  from  Test  2  was  used  in  determining  bending  moments  from  deflec¬ 
tions  . 

Bending  moments  and  axial  thrusts  for  the  symmetrically  loaded 
ridge  beam ,  plotted  in  FIGURE  7 . 14  show  that  the  beam  behaves  almost  ident¬ 
ically  with  the  ridge  beams  in  the  symmetrical  loading  series  with  the  excep¬ 
tion  that  the  ordinates  to  the  curves  are  almost  identically  half  of  the  latter. 
The  conclusion  to  be  drawn  from  this  is  that  a  loaded  quadrant  of  the  shell 
exerts  roughly  the  same  shear  forces  on  the  ridge  beam  whether  the  load  is 
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FIGURE  7.12  MEASURED  STRAINS  IN  RIDGE  BEAM  HAVING  LOADING  SYMMETRY 

TEST  a^3  -  3000^  ASYMMETRIC  LOAD 
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FIGURE  7.13  DEFLECTION  OF  RIDGE  BEAM  HAVING  LOADING  SYMMETRY 

TESTS^2a^3  -  3000^  ASYMMETRIC  LOAD 
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uniform  over  the  entire  model  or  not,  but  it  must  be  uniform  over  the  quadrant 
under  consideration. 

7.6  Ridge  Beam  Parallel  to  Axis  of  Symmetry 

Strain  measurements  on  the  bottom  fibres  of  the  ridge  beam  paral¬ 
lel  to  the  axis  of  symmetry  display  wide  scatter  and,  due  to  the  dearth  of  values, 
conclusions  must  be  confined  to  a  general  pattern  of  behaviour. 

The  deflection  configuration  in  FIGURE  7.17  demonstrates  precise¬ 
ly  the  type  of  behaviour  which  would  be  expected  from  this  type  of  loading. 

Under  the  load,  the  deflection  is  maximum  and  a  positive  bending  is  evident 
whereas  the  unloaded  portion  of  the  model  appears  to  be  exerting  a  restraining 
moment  on  the  beam.  The  slope  of  the  beam  at  the  unloaded  gable  appears  to 
be  almost  zero,  corresponding  to  virtually  a  fully  fixed  end. 

The  bending  moment  diagram  in  FIGURE  7. 18  indicates  that  the 
maximum  positive  moment  has  a  value  of  approximately  2,000  inch  pounds, 
just  equal  to  the  maximum  value  found  for  the  uniformly  loaded  case,  but  the 
location  of  the  maximum  ordinate  has  shifted  by  one  quarter  of  the  panel  length 
toward  the  loaded  side.  The  negative  moment  achieves  a  value  of  1,000  inch 
pounds  at  a  point  midway  between  the  gable  and  ridge  in  the  opposite  direction. 
This  value  corresponds  closely  with  the  maximum  negative  moment  found  for 
the  symmetrically  loaded  ridge  reported  in  Chapter  VI,  but  again,  the  location 
of  the  maximum  moment  has  shifted  toward  the  centre  by  about  one  half  the  panel 


length. 
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Ridge  thrust  variation  in  FIGURE  7 . 19  demonstrates  a  peculiar 
trend  with  two  maximum  ordinates,  one  in  the  loaded  and  one  in  the  unloaded 
span.  Surprisingly,  the  unloaded  span  appears  to  have  the  largest  compres¬ 
sion,  although  these  results  are  by  no  means  conclusive.  A  slight  tension  is 
indicated  at  each  end  of  the  ridge,  and  a  definite  reduction  in  thrust  is  found 
near  the  midspan  of  the  beam. 

7.7  Compression  Diagonal  EJ 

Strains,  moments  and  axial  stresses  are  found  in  FIGURE  7.20  for 
the  compression  diagonal  loaded  on  the  instrumented  panel.  The  central  region 
appears  to  have  positive  bending  while  a  considerable  negative  moment  builds 
up  at  the  support  and  a  smaller  negative  moment  appears  near  the  ridge  beam 
junction.  The  moment  is  similar  to  the  configuration  found  for  the  same  diagon¬ 
al  under  uniform  loading. 

The  axial  stresses  in  (c)  correspond  almost  identically  with  those 
found  earlier  for  the  same  diagonal  under  uniform  load  over  the  entire  shell. 

FIGURE  7.21  is  a  plot  of  the  strains,  moments  and  thrusts  for  com¬ 
pression  diagonal  EJ  when  load  is  placed  on  the  far  side.  The  bending  moment 
diagram  is  almost  a  mirror  image  of  the  one  just  described  in  FIGURE  7.20  (c) 
indicating  a  predominantly  negative  bending  in  the  central  region.  The  axial 
stresses  are  very  low,  ranging  from  a  small  compression  at  the  ridge  beam 
junction  to  a  small  tension  at  the  support. 
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FIGURE  7  20  SURFACE  STRAINS,  BENDING  MOMENTS  8  AXIAL  STRESSES  FOR  DIAGONAL 

TEST  ^3  -  SOOO**^  ASYMMETRIC  LOAD 


112 


U 


< 


O 

o 

< 

Q 


cr 

o 


CO 

iij 

(O 

CO 

LU 

a: 

h“ 

CO 


_J 

—  Q 
<  O 


(C 

CO 

h- 


-J 
< 
_  o 

u  q: 

O  QJ 

2  2 

c:)  2 
z  > 

Q  CO 

.  O 
CO  O 

?  o 

<  ro 

a: 

h-  • 
CO 

o  ^ 

< 

U-  h- 
cr  CO 

3  liJ 
(O  h- 


CVJ 

LiJ 

(T 

3 

C!) 

ul 


/ 


113 


7 . 8  Tension  Diagonal  HF 

Sharp  discontinuities  are  displayed  in  the  strain  diagram  of  FIGURE 
7.22  (a)  which  may  be  due  to  local  effects  of  the  rubber  bearing  pads.  These 
produce  a  similar  discontinuity  in  the  bending  moment  diagram  which  looks 
suspiciously  like  a  concentrated  load  at  the  centre  with  negative  end  moments 
applied  at  the  boundaries.  The  tensile  stresses  in  (c)  are  not  unlike  those 
found  under  uniform,  symmetrical  loading,  reported  in  Chapter  VI. 

The  bending  moments  and  axial  thrusts  in  tension  diagonal  HF 
found  in  (b)  and  (c)  respectively  of  FIGURE  7.23  when  the  load  is  placed  in  the 
opposite  quadrants  of  the  shell  are  very  similar  to  those  found  for  the  compres¬ 
sion  diagonal  under  similar  conditions  (FIGURE  7.21)  but  the  ordinates  are 
roughly  one  half  of  those  reported  earlier. 

7.9  Generator  KL 

The  moment  found  in  Generator  KL  when  the  load  was  on  the  in¬ 
strumented  panel  indicates  a  positive  bending  over  the  central  portion  (FIGURE 
7.24).  The  discontinuity  may  be  due  to  the  local  effect  of  the  bearing  pads. 
Axial  stresses,  however,  closely  resemble  those  found  under  uniform  load  for 
the  same  generator  in  Tests  1  and  4.  The  generator  has  a  uniform  compres¬ 
sion  of  about  50  psi  over  most  of  its  length,  increasing  at  the  ridge  to  about 
200  psi. 

When  the  load  is  placed  on  the  opposite  side  (FIGURE  7.25),  the 
bending  moment  appears  to  be  quite  inconsequential  and  the  thrust  varies  from 
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FIGURE  7  22  SURFACE  STRAINS,  BENDING  MOMENTS  a  AXIAL  STRESSES  FOR  DIAGONAL  H- 

TEST  3  -  3000  ASYMMETRICAL  LOAD 
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FIGURE  7.23  SURFACE  STRAINS,  BENDING  MOMENTS  a  AXIAL  STRESSES  FOR  DIAGONAL 

TEST  *2  -  ZOOO^  ASYMMETRICAL  LOAD 
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a  slight  tension  near  the  gable  to  a  slightly  larger  compression  in  the  vicinity 
of  the  ridge.  All  stresses  are  extremely  low  and  do  not  appear  to  be  very 
significant  in  designing  similar  shells. 

7. 10  Discussion  of  Asymmetrical  Load  Tests 

From  simple  statics  and  symmetry,  the  vertical  reactions  may  be 
found  for  a  3,000  pound  load  applied  over  one  half  of  the  model  only.  From 
statics ,  one  quarter  of  the  load  goes  to  the  supports  G  and  J  while  three 
quarters  of  the  load  goes  to  supports  A  and  C.  Thus  supports  G  and  J  should 
have  a  reaction  of  375  pounds  each  while  supports  A  and  C  should  have  a  re¬ 
action  of  1, 125  pounds  each.  The  load  cell  readings  checked  with  these  values 
with  a  maximum  deviation  of  ten  percent,  which  is  not  as  close  as  expected  but 
constitutes  fair  agreement. 

Neglecting  the  bending  moment  in  the  shell  elements ,  a  check  on 
statics  may  be  made  by  summing  the  moments  about  the  longitudinal  axis  of  the 
ridge  beams  DEF  and  BEH.  These  results  are  tabulated  in  TABLES  I  &  II. 
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TABLE  I 

CHECK  ON  EQUILIBRIUM  ABOUT  AXIS  DEF 


Item 

Force 

(lbs.) 

Arm 

(inches) 

Moment 
(in. lbs.) 

Tie  Rod  CJ 

1,140 

12.4 

14,200 

Tie  Rod  AG 

1,200 

12.4 

14,900 

Gable  CFJ 

(Moment  measured  directly) 

1,200 

Gable  ADG 

(Moment  measured  directly) 

1,200 

Ridge  BEH 

(Moment  measured  directly) 

1,200 

Summation 

32,700 

TABLE  II 

CHECK  ON  EQUILIBRIUM  ABOUT  AXIS  BEH 


Item 

Force 

(lbs.) 

Arm 

(inches) 

Moment 
(in.  lbs.) 

Tie  Rod  AC 

2,050 

12.4 

25,400 

Tie  Rod  GJ 

485 

12.4 

6,000 

Gable  ABC 

(Moment  measured  directly) 

1,500 

Gable  GHJ 

(Moment  measured  directly) 

1,300 

Ridge  DEF 

(Moment  measured  directly) 

900 

Summation 

35,100 

I  aaa/iT 
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From  statics,  a  moment  of  36,000  inch  pounds  may  be  calculated 
for  the  model  in  each  principal  direction,  the  maximum  value  occurring  at 
centerline.  A  moment  of  32,700  inch  pounds  (91%  of  statics)  may  be  found  by 
summing  the  moments  of  the  beams  and  tie  rods  about  the  centerline  when  con¬ 
sidering  the  span  from  supports  G,  J  to  A,  C.  A  moment  of  35,100  inch  pounds 
is  accounted  for  in  summing  the  contributing  members  about  Ridge  BEH,  which 
is  97.5%  of  statics.  It  may  be  concluded  that  the  moment  is  largely  carried  by 
the  tie  rods,  with  the  beams  contributing  a  small  portion  due  to  the  spreading  of 
corner  supports. 

It  would  be  unwise  to  attribute  to  shell  action  the  9%  of  statics  which 
is  unaccounted  for  in  Table  I  due  to  other  redundancies  such  as  tie  rod  re¬ 
straints  and  frictional  resistance  of  the  pin  supports.  In  addition,  the  readings 
are  not  sufficiently  numerous  to  preclude  error,  but  it  appears  the  shell  ele¬ 
ments  spanning  parallel  to  the  axis  of  symmetry  carried  more  moment  than 
those  spanning  perpendicular  to  the  axis  of  symmetry  in  Tests  2  and  3.  Un¬ 
fortunately,  no  generator  in  this  direction  was  instrumented  so  that  such  a 
theory  cannot  be  verified.  This  oversight  should  be  rectified  in  subsequent 
tests  on  similar  types  of  shells. 

Since  it  has  been  established  that  in  Test  3  the  loading  was  lacking 
symmetry  about  axis  BEH,  the  asymmetrical  tests  are  of  questionable  value 
except  in  pointing  up  general  trends  as  to  the  behaviour  of  the  model.  In  ad¬ 
dition,  the  reduction  of  symmetry  in  Tests  2  and  3  result  in  fewer  values  with 
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which  to  produce  composite  plots  of  bending  moments  and  axial  thrusts  than  was 
the  case  in  the  symmetrical  loading  series  reported  in  Chapter  VI. 

Notwithstanding  the  foregoing,  it  would  appear  that  the  ridge  and 
gable  beams  spanning  parallel  to  the  axis  of  symmetry  develop  bending  moments 
similar  to  a  two  span  continuous  beam  having  load  on  one  side  only.  The  maxi¬ 
mum  values  of  the  moments  appear  to  be  not  more  than  those  of  the  symmetric¬ 
al  loading  series  but  the  point  of  maximum  moment  occurs  in  a  different  loca¬ 
tion.  If  this  be  the  case,  the  designer  need  not  consider  unbalanced  loading  in 
the  analysis  of  beams,  but  should  extend  the  reinforcing  steel  required  at  the 
point  of  maximum  moment  throughout  the  length  of  the  beams  to  take  care  of  the 
eventuality  of  unbalanced  loading. 

A  comparison  of  FIGURE  7.6  and  7. 19  show  a  unique  shape  to  the 
axial  thrust  configurations  for  the  gable  beams  and  ridge  beam  respectively 
which  span  parallel  to  the  line  of  symmetry.  The  absolute  values  of  the  curves 
are  not  claimed  to  be  correct  as  it  seems  unlikely  that  a  2,000  pound  tension 
should  be  developed  at  the  right  support  of  the  gable  beam,  but  it  is  interesting 
to  note  the  similarity  of  the  two  curves,  the  curve  for  the  gable  beam  closely 
resembling  the  right  hand  portion  of  the  ridge  beam  curve,  displaced  a  distance 
of  about  0.5a.  It  is  suggested  that  the  gable  beam  is  "lagging”  behind  the  ridge 
beam  in  picking  up  axial  load. 

Consider  the  loaded  half  of  the  model  as  a  free  body.  For  equil¬ 
ibrium,  a  "holding  force"  of  6,000  pounds  is  placed  at  point  E  in  Ridge  BEH, 
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pointing  towards  point  B  as  shown  in  FIGURE  7.26.  Horizontal  reactions  are 
required  at  A  and  C,  each  having  a  value  of  3,000  pounds.  With  these  fictitious 
forces,  the  loaded  portion  of  the  shell  has  all  the  conditions  of  membrane  theory 
satisfied  for  a  uniformly  loaded  shell.  The  unloaded  half  as  a  free  body,  has 
membrane  conditions  satisfied  without  any  fictitious  forces,  since  it  carries  no 
load.  Joining  the  two  halves  together,  and  releasing  the  fictitious  holding  forces, 
a  6,000  pound  force  must  be  applied  in  the  opposite  direction  to  the  original 
holding  force. 

This  force  is  transmitted  to  the  shell  by  planar  shears  which  dimin¬ 
ish  the  ridge  thrust  from  E  to  B  and  gradually  build  up  thrust  from  E  to  H.  The 
maximum  value  is  reached  approximately  midway  between  E  and  H  and  then 
gradually  falls  off  to  zero  at  the  boundary  which  is  a  necessary  condition  of 
equilibrium. 

The  shears  which  were  transferred  from  the  ridge  to  the  shell  are 
transferred  across  the  shell  to  the  gable  beams  parallel  to  the  ridge  under  con¬ 
sideration.  A  "shear  lag",  similar  to  that  described  by  Timoshenko  (1951)  is 
experienced  with  the  resulting  lag  in  the  axial  thrust  configuration  as  noted 
earlier. 

FIGURE  7. 11  shows  that  the  behaviour  of  the  loaded  gable  ABC  is 
essentially  the  same  as  for  the  typical  gables  in  the  symmetrical  loading  series. 
FIGURE  7. 14  confirms  that  Ridge  DEF  behaves  as  it  did  under  symmetrical 
loading,  except  that  all  values  of  moment  and  axial  thrust  are  halved,  as  could 
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be  expected  from  membrane  theory,  since  shear  loading  from  the  shell  is  intro¬ 
duced  on  one  side  only.  The  tension  and  compression  diagonals  and  Generator 
KL  behave  almost  identically  when  loaded  in  Tests  2  and  3  to  the  way  they  be¬ 
haved  in  symmetrical  Tests  1  and  4.  It  appears  that,  in  general,  the  presence 
of  unbalanced  loading  does  not  appreciably  change  the  behaviour  of  the  loaded 
portion  of  shell  from  its  behaviour  when  the  load  is  symmetrical. 


-0*1  mi  ai  Horia  mo'ii  'lijeda  ounia  .yiooriJ  onBidcciom  ffloiX  faDioeqxo  sd 

'lotu'ronoO  bnc  aiEnosmb  noisas'jiqaioo  bnc  notanoi  odT  .^Ino  abie  sno  no  beoub 
-9d  Y£w  odJ  oX  £  bnc  S  aiaeT  ni  habsoJ  noriw  yllBOiXnobi  XaomU  ovBdod  J5i 
aonoaoiq  adX  jiBionog  ni  ,X£if)  sicaqqii  XI  buB  X  aiaoT  iBOiiXscfifri^ca  ni  bovsri 
bobfioi  edJ  Xo  luoivBdod  edJ  aguBrio  xldBiooiqqfi  ion  asob  gnibBoi  badfiBladnu  lo 
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CHAPTER  VIII 


PRESENTATION  AND  DISCUSSION  OF  TEST  RESULTS 
FOUNDATION  SETTLEMENT 


8.1  Introduction 

Support  A  was  lowered  in  increments  of  0.1"  to  a  maximum  of  one 
inch.  Examination  of  the  model  during  this  test  revealed  no  evidence  of  undue 
cracking  although  the  settlement  (l/96th  of  the  span)  would  be  cause  for  more 
than  a  little  alarm  should  it  occur  in  a  prototype. 

In  permitting  one  support  to  subside,  two  lines  of  symmetry  through 
the  two  diagonals  are  retained.  To  be  strictly  correct,  supports  A  and  J  should 
each  have  been  lowered  one  half  inch,  but  the  slight  change  in  geometry  result¬ 
ing  from  this  discrepancy  was  thought  to  have  little  significance. 

8 . 2  Measured  Reactions 

Supports  A  and  J  showed  a  net  decrease  of  236  pounds  and  147 
pounds  respectively,  whereas  supports  C  and  G  showed  a  gain  of  234  pounds 
and  220  pounds  respectively. 

Since  no  load  was  applied  to  the  model  during  this  test,  it  is  ap¬ 
parent  that,  to  satisfy  statics,  the  sum  of  the  four  vertical  reactions  must  be 
zero.  It  may  be  safely  concluded  that  the  deviation  was  due  to  inaccuracy  in  the 
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load  cell  readings.  It  would  appear  from  symmetry  that  the  value  of  147  pounds 
at  support  J  was  most  in  error. 

8.3  Gable  Beams 

FIGURES  8.1  and  8.2  indicate  large  scatter  in  the  measured  strains 
in  the  top  and  bottom  fibres  of  the  gable  beams.  Few  values  are  available  on 
the  left  hand  side  of  the  curve,  but  a  general  trend  is  plainly  in  evidence. 

The  resulting  bending  moment  diagram  in  FIGURE  8.3  is  not  veri¬ 
fied  by  deflection  readings  as  was  the  case  in  previous  tests ,  but  it  would  ap¬ 
pear  that  the  maximum  ordinates  appear  at  the  mid  point  of  each  span,  one 
side  negative  moment  and  the  other,  positive. 

A  study  of  FIGURE  8.4  reveals  a  similar  trend  in  axial  thrusts 
with  the  settled  span  displaying  tension  values  of  axial  force  and  the  stationary 
end  showing  a  resultant  compression  at  the  centre.  The  maximum  values  in 
each  case  appear  to  change  sign  near  the  supports. 

8.4  Ridge  Beams 

Few  strain  readings  are  available  for  the  ridge  beams  since  only 
one  hundred  gauges  were  read  in  this  series.  From  the  values  in  FIGURE  8.5, 
it  appears  that  the  ridge  beam  strains  were  very  nearly  zero  throughout  the 
length  of  the  beam . 

Bending  moment  and  axial  thrusts  are  not  plotted  for  the  ridge 
beams  due  to  the  absence  of  sufficient  readings,  but  it  would  appear  that  very 
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little  moment  or  thrust  exists  in  the  ridge  beams. 

8.5  Compression  Diagonal  EJ 

Strains,  moments  and  axial  stresses  for  the  compression  diagonal 
EJ  are  plotted  in  FIGURE  8.6.  The  value  of  the  bending  moment  is  quite  low 
and  the  sharp  discontinuity  near  the  support  may  be  an  error  in  the  measured 
values  or  it  may  be  due  to  local  disturbances  near  the  boundary. 

A  compression  in  this  diagonal,  increasing  from  the  ridge  beam 
junction  to  the  support  defies  intuition  and  no  explanation  for  this  behaviour  is 
offered. 

8.6  Tension  Diagonal  HF 

The  distribution  of  surface  strains  along  diagonal  HF  reveals  sharp 
discontinuities  which  cannot  be  explained.  Strain  versus  settlement  curves  are 
superimposed  in  the  lower  part  of  the  figure  and  it  may  be  seen  that  the  individ¬ 
ual  strain  gauge  readings  remained  essentially  linear  throughout  the  test. 

Axial  stresses  in  this  diagonal  remained  compressive  throughout 
its  length.  The  magnitude  of  the  compression  was  relatively  small  and  would 
not  be  considered  particularly  significant  in  design. 

8.7  Discussion  of  Test  5 

An  elaborate  discussion  of  the  effect  of  foundation  settlement  is  be¬ 
yond  the  scope  of  this  study  and  the  shortage  of  information  does  not  permit  ex¬ 


tensive  conclusions. 
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It  would  appear  that  the  hyperbolic  paraboloid  is  able  to  deform 
under  large  differential  foundation  movements  without  serious  effects  on  any  of 
the  members.  The  change  in  the  vertical  reactions  at  the  corners  due  to  settl¬ 
ing  one  support  is  slight. 

The  members  most  affected  by  settlement  appear  to  be  the  gable 
beams.  The  maximum  moment  in  these  gables  is  approximately  equivalent  to 
the  cantilever  moment  of  the  support  reaction  over  a  cantilever  span  of  0.5  a. 
However,  since  the  magnitude  of  the  vertical  reaction  is  indeterminate,  this 
approximation  does  not  afford  much  help  in  designing  the  gables. 
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CHAPTER  IX 


PRESENTATION  AND  DISCUSSION  OF 
TEST  TO  DESTRUCTION 


9.1  Introduction 

Test  7  was  discussed  earlier  in  connection  with  the  uniform,  sym¬ 
metrical  loading  series  of  tests.  In  that  discussion,  only  the  elastic  behaviour 
of  the  shell  was  considered.  In  the  latter  part  of  Test  7,  however,  the  load  was 
increased  in  two  thousand  pound  increments  until  the  shell  failed. 

9.2  Mode  of  Failure 

Under  an  applied  load  of  26.75  kips,  the  model  suddenly  collapsed 
in  the  central  portion,  leaving  the  gable  beams  virtually  intact.  The  load  catch¬ 
ing  device,  two  pairs  of  rods  suspended  from  the  loading  frame  immediately  en¬ 
gaged  and  continued  to  carry  the  load,  although  it  fell  off  to  a  value  of  about  15 
kips.  Upon  release  of  the  load,  the  shell,  with  the  weight  of  the  load  distribut¬ 
ing  system  sprang  back  to  almost  its  original  shape. 

FIGURE  9.1  is  a  photograph  of  the  model  after  removal  of  the  load 
distribution  system.  It  may  be  seen  that  the  model  failed  on  the  outside  along 
a  very  nearly  circular  path,  shown  on  the  diagram  as  the  ’^failure  circle". 

This  circle  had  a  diameter  of  approximately  eight  feet  with  a  large  crack  width 
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at  the  junction  of  the  ridge  and  gable  beams.  The  shell  failed  generally  in  com¬ 
pression  along  the  failure  circle  near  the  corner  supports,  and  in  tension  in  the 
vicinity  of  the  ends  of  the  ridge  beams .  A  compression  failure  in  the  top  of 
Ridge  DEF  near  point  E  was  found  which  resulted  from  a  premature  tension 
failure  in  the  bottom  beam  steel  at  the  weld.  This  compression  failure  is 
marked  in  FIGURE  9.1. 

FIGURE  9.2  shows  a  view  of  the  underside  of  the  ridge  beam  junc¬ 
tion  after  failure.  Transverse  cracks  occurred  at  approximately  one  and  one 
half  inches  on  centre ,  the  same  spacing  used  for  the  stirrups .  A  large  split 
opened  up  adjacent  to  Ridge  BEH  which  is  shown  in  the  picture  as  a  cross  hatch¬ 
ed  area.  The  cause  of  this  large  crack  was  the  failure  of  the  buttweld  of  the 
lower  layer  of  reinforcing  steel  in  Ridge  DEF.  For  clarity  in  the  picture,  the 
edge  of  ridge  beams  are  shown  in  dotted  outline. 

A  view  of  the  inside  face  of  a  typical  gable  beam  may  be  seen  in 
FIGURE  9.3.  Again,  the  edges  of  beams  have  been  outlined  by  a  dotted  line 
for  clarity.  The  lower  face  of  the  ridge  beams  show  no  signs  of  cracking  in 
this  view,  since  the  portion  included  in  the  picture  was  under  negative  bending 
moment  and  hence  in  compression.  Diagonal  cracking  in  the  gable  beam  is 
typical  of  torsional  cracking  and  it  may  be  seen  that  the  direction  of  applied 
torsion  was  the  same  from  ridge  to  support,  caused  by  a  negative  bending  mom¬ 
ent  applied  by  the  ridge  beam . 


FIGURE  9.4  is  a  view  of  the  underside  of  one  quadrant  of  the  shell 
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FIGURE  9.1  TOP  VIEW  OF  MODEL  AFTER  FAILURE 


FIGURE  9  2  RIDGE  BEAM  JUNCTION  VIEWED  FROM 

UNDERSIDE  AFTER  FAILURE 
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FIGURE  9.3  CRACK  PATTERN  ON  UNDERSIDE 

OF  MODEL  (SUPPORT'D") 


FIGURE  9.4  CRACK  PATTERN  ON  UNDERSIDE 

OF  MODEL  (SUPPORT  "a"  ) 
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looking  towards  the  support.  Again,  the  diagonal  cracks  in  the  adjacent  gable 
beams  are  plainly  evident.  The  failure  circle,  not  clearly  seen  in  the  picture, 
was  accentuated  by  a  zigzag  line.  Typical  tension  cracks  which  occurred  in  all 
quadrants  of  the  model,  normal  to  the  tension  diagonal  are  clearly  visible, 
more  closely  spaced  near  the  support. 

9.3  Linearity  of  Strains 

In  an  earlier  section,  it  was  found  that  the  strain  readings  in  virtu¬ 
ally  all  the  gauges  increased  linearly  with  respect  to  load.  In  Test  7,  this  was 
true  up  to  a  load  of  approximately  12,000  pounds.  The  deviation  found  in  sim¬ 
ilarly  located  gauges  beyond  that  load  were  not  always  consistent,  so  that  inter¬ 
pretation  of  these  results  was  not  possible.  FIGURE  9.5  and  9.6  show  the 
strain  versus  load  relationship  for  the  strain  gauges  on  the  top  and  bottom 
fibres  of  Gable  GH.  From  these,  it  may  be  seen  that  the  model  was  no  longer 
behaving  elastically  for  loads  in  excess  of  12,000  pounds. 

9 . 4  Deflection  Readings 

Deflection  measurements  were  continued  up  to  a  load  of  24  kips  at 
which  time  many  of  the  dials  were  no  longer  in  contact  with  the  surface  of  the 
model,  so  no  further  readings  could  be  taken. 

9.5  Bending  Moments 

Bending  moments  for  Ridge  DEF  as  computed  from  deflection 
measurements  are  plotted  in  FIGURE  9.7  from  a  load  of  4,000  pounds  to 
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MEASURED  STRAIN  (MICROINCHES  PER  INCH) 


FIGURE  9.5 
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GABLE  G*H  . 
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FIGURE  9.6  STRAIN  VS.  LOAD  FOR  GAUGES  ON  BOTTOM  OF 
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24,000  pounds  in  4,000  pound  increments.  The  inelastic  behaviour  of  the  mat¬ 
erial  is  again  evident  from  the  rate  of  increase  of  the  maximum  positive  bending 
moment  ordinate  at  the  centre.  All  moment  curves  are  calculated  on  the  basis 
of  the  uncracked  moment  of  inertia  of  the  section. 

In  FIGURE  9.8,  similar  bending  moment  curves  are  plotted  for 
Gable  CFJ.  To  a  lesser  extent  than  was  noted  in  the  case  of  the  ridge  beams, 
the  inelastic  behaviour  is  apparent.  Due  to  the  presence  of  the  tie  rods,  the 
gable  beams  could  be  expected  to  act  in  a  more  nearly  elastic  manner,  since 
the  effective  span  is  only  half  of  the  overall  span  of  the  model.  The  positive 
moment  at  the  peak  is  caused  largely  by  the  extension  of  the  tie  rods  which  re¬ 
mained  in  the  elastic  range  up  to  failure  load. 

9.6  Primary  Cause  of  Failure 

The  ultimate  failure  was  caused  by  a  failure  in  the  welding  of  the 
bottom  layer  of  reinforcing  bars  in  the  ridge  beam.  To  determine  the  approxi¬ 
mate  ultimate  capacity  of  the  welds,  three  samples  of  reinforcing  steel  from 
the  same  supply  as  used  in  the  model  were  welded  by  the  same  mechanic,  using 
the  same  welding  machine  as  used  earlier.  Samples  of  unwelded  bar  were  com¬ 
pared.  The  ultimate  failure  load  for  these  samples  is  tabulated  in  TABLE  III. 
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TABLE  m 


ULTIMATE  FAILURE  OF  REINFORCING  SPECIMENS 


UNWELDED  SPECIMENS 

WELDED  SPECIMENS 

Ultimate  Load 

Ultimate  Stress 

Ultimate  Load 

Ultimate  Stress 

A 

9,125 

83,000 

D 

3,310 

30,000 

B 

9,090 

82,800 

E 

4,190 

38,000 

C 

9,090 

82,800 

F 

5,200 

47,200 

The  average  breaking  strength  for  the  unwelded  bar  samples  was  found 
to  be  slightly  less  than  83,000  psi  with  very  little  deviation  from  the  mean.  On 
the  other  hand,  the  welded  specimens  displayed  a  wide  range  of  values  which 
presented  a  considerable  obstacle  in  evaluating  the  ultimate  capacity  of  the 
actual  member.  For  the  purposes  of  determining  the  ultimate  capacity  of  the 
ridge  beam ,  it  was  assumed  that  the  ultimate  strength  of  the  reinforcing  in  ten¬ 
sion  was  40,000  psi  which  is  approximately  the  average  value  found  in  the  weld¬ 
ed  samples.  Based  on  this  assumption,  an  interaction  curve  was  developed  for 
the  ridge  beam,  which  is  illustrated  in  FIGURE  9.9. 

The  actual  eccentricity  of  the  middle  surface  of  the  shell  to  the  centroid 
of  the  ridge  beam  was  three  quarters  of  an  inch.  A  study  of  FIGURE  9.9  re¬ 
veals  that  the  e  =  3/4"  line  crosses  the  interaction  curve  at  a  load  of  approxi¬ 
mately  28.0  kips.  The  actual  failure  load  was  found  to  be  28. 1  kips,  composed 
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FIGURE  9.9  INTERACTION  DIAGRAM  FOR  RIDGE  BEAM  AT  t 
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of  26.75  applied  loading,  0.615  kips  for  the  load  distribution  system,  and  0.735 
kips  for  the  dead  weight  of  the  model,  which,  by  membrane  theory,  produces  a 
maximum  compression  in  each  ridge  beam  of  28.1  kips. 

The  design  load  of  90  psf,  or  a  total  load  of  5.76  kips  over  the  entire 
surface,  corresponding  to  a  maximum  ridge  beam  compression  of  5.76  kips,  is 
shown  in  the  lower  part  of  the  figure.  The  load  factor  is  found  to  be  4.9. 

9.7  Discussion 

The  model  behaved  reasonably  elastically  until  the  load  reached  approxi¬ 
mately  twice  design  load.  Beyond  that  point,  the  inelastic  behaviour  was  ap¬ 
parent  in  both  the  strain  and  deflection  readings. 

Assuming  that  failure  of  the  model  takes  place  by  a  ridge  beam  failure, 
the  ultimate  load  of  the  shell  could  be  predicted  by  using  simple  membrane 
theory  and  the  interaction  diagram  of  the  beam,  and  assuming  an  eccentricity 
equivalent  to  the  actual  eccentricity  of  the  shell  to  the  centroid  of  the  beam. 

The  agreement  between  predicted  and  measured  results  was  much  closer 
than  expected.  It  should  be  remembered,  however,  that  the  actual  value  of  the 
strength  of  the  buttweld  in  the  lower  layer  of  ridge  beam  reinforcing,  which 
formed  the  basis  of  the  calculation  of  ultimate  load,  was  rather  nebulous.  Act¬ 
ually,  the  strength  of  weld  in  the  model  was  likely  lower  than  assumed  in  com¬ 
puting  the  interaction  diagram,  which  would  result  in  a  somewhat  lower  pre¬ 
dicted  failure  load.  This  theory  is  suggested  since  some  end  restraint  must 
have  existed  in  the  ends  of  the  ridge  beams  just  prior  to  failure,  although  they 
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were  not  specifically  reinforced  for  this  condition  and  the  failure  of  the  model 
was  accompanied  by  the  formation  of  almost  a  complete  hinge  at  the  junction  of 
the  ridge  beam  to  the  gable.  It  was  not  possible  to  observe  whether  the  ridge 
beams  failed  first  at  the  ends  or  at  the  centre,  but  it  is  thought  that,  logically, 
the  ends  must  have  first  yielded,  giving  rise  to  a  redistribution  of  moments  to 
the  centre  of  the  beam,  which  caused  ultimate  collapse.  Had  the  ends  been 
reinforced  for  negative  moment,  the  ultimate  load  might  have  been  substantial¬ 
ly  greater  or  ultimate  failure  may  have  been  by  another  cause  such  as  torsion¬ 
al  failure  of  the  gable  beams  or  shear  failure  in  the  shell. 


Isborn  sdJ  io  ©rii  bna  nol^lbnoo  aiiJ  loi  beoidlai&t  ^lUollioeqa  ion  siow 

lo  noiJdflol  arii  iB''93iiirI  aiaJqcDoo  a  iaocnifi  io  noiifttmoi  odi  yd  b9iri£qmoooB  aew 
ogbii  ddi  •i9flioifw  ovToado  oJ  sldiaaoq  ion  anw  it  .oJdag  erii  oJ  masd  agbiT  srii 
t^IJBobgol  ,i«di  irignodi  8i  Ji  Jud  .oiinoo  odi  la  i©  abna  edi  iB  iaiil  beilBi  aoiBsd 


oi  eJnorrtbcn  lo  aoiindiTJaiboi  b  oi  sari  ,bebi9iY  iaiil  avad  ieuor  abns  erii 

noed  abno  erii  bsH  .eaqalioo  eiBrniilu  beaoBO  deirfw  «aiB9d  erii  lo  eiineo  erii 
-iBiliiBiadoe  need  evari  Jrigirn  baoi  eiBoiiiln  erii  .inooiom  eviiBsen  lol  beoiolniei 
-noiaioi  ac  rioua  eauBO  lerilonB  yd  need  eved  yarn  emlifli  eiBiniilw  lo  leiuei^  "yl 

.Jleria  eriJ  nr  emliBi  iBerie  lo  amsed  aides  erii  io  s'lnliai  1b 


mm 


I  % 


'jf 


.1  () ')  ' 


^  u''J  »ii»r  V  .  ^ ' 


‘  .  ’i 


■it  i 


CHAPTER  X 


SUMMARY,  RECOMMENDATIONS  AND  CONCLUSIONS 

10.1  Summary 

A  pneumatically  placed  mortar  model  of  a  gable  type  hyperbolic  para¬ 
boloid  shell  was  tested  (a)  with  a  uniform,  symmetrical  load  applied  over  the 
entire  surface  of  the  model,  (b)  with  a  uniform  load  over  two  adjacent  quadrants 
of  the  model  and  (c)  under  the  settlemait  of  one  of  the  four  corner  supports. 

Mortar  cubes  had  a  28  day  compressive  strength  of  5,200  psi.  The 
shell  was  reinforced  with  sixteen  gauge  cold  drawn  steel  wire.  The  beams 
were  reinforced  with  #3  deformed  steel  bars  having  a  yield  point  of  55,000  psi 
and  an  ultimate  strength  of  83,000  psi. 

The  model  spanned  eight  feet  from  corner  to  corner,  having  a  shell 
thickness  of  one  half  inch  and  a  rise  of  one  foot.  The  ridge  and  gable  beams 
were  ’’downturned”  so  that  the  middle  surface  of  the  shell  was  eccentric  to  the 
centroid  of  the  beams.  One  support  was  hinged  by  a  ball  bearing  and  transla¬ 
tion  at  that  corner  was  prevented.  The  three  remaining  supports  were  on  roller 
bearings  which  permitted  the  corners  to  move  freely  in  a  direction  away  from 
the  pinned  support. 

The  only  variable,  apart  from  the  loading  patterns,  was  the  size  of  the 
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tie  rod  used.  The  tie  rod  used  for  the  initial  tests  was  one  half  inch  in  diameter. 
To  preclude  tie  rod  failure  in  the  test  to  destruction,  a  three  quarter  inch  dia¬ 
meter  rod  was  added. 

With  uniform  load  over  the  entire  shell  surface,  the  indicated  axial 
thrusts  in  the  ridge  and  gable  beams  were  lower  than  membrane  theory  pre¬ 
dicts,  due  to  the  flange  action  of  the  shell  on  either  side  of  the  beam.  The 
stresses  in  the  shell  agreed  well  with  membrane  theory,  except  that  it  appear¬ 
ed  that  a  small  biaxial  compression  was  superimposed.  The  compression 
diagonal  had  higher  compressions  and  the  tension  diagonal  had  lower  tensions 
than  indicated  by  membrane  theory,  each  deviating  by  approximately  30  to  40 
psi.  In  addition,  Generator  KL  was  a  uniform  compression  of  about  30  to  40  psi 
over  its  length,  whereas  membrane  theory  predicts  it  to  be  in  pure  shear.  Posi¬ 
tive  bending  occurred  in  the  peak  of  the  gable  beams,  caused  by  the  extension  of 
the  tie  rods,  which  permitted  a  spreading  of  the  supports.  Bending  occurred  in 
the  ridge  beams,  which  was  thought  to  be  largely  due  to  the  eccentricity  of  the 
shell  with  respect  to  the  centroid  of  the  beam. 

Under  asymmetrical  loading  over  only  two  quadrants,  the  loaded  panels 
displayed  virtually  the  same  magnitude  of  thrust  and  moment  as  found  under  the 
uniform,  symmetrical  loading.  The  ridge  beam,  having  loading  symmetry, 
carried  axial  thrusts  and  bending  moments  with  a  similar  configuration  to  those 
curves  found  in  the  symmetrical  loading  series,  but  the  ordinates  to  the  curves 
were  just  one  half  of  the  latter.  The  gable  beams  without  loading  symmetry  be- 
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haved  similarly  to  a  two  span  continuous  beam  having  load  on  one  span  only.  A 
similarity  in  the  shape  of  the  axial  thrust  diagrams  for  the  gable  and  ridge 
beams  without  loading  symmetry  indicates  the  possibility  of  a  transfer  of  thrust 
from  the  ridge  to  the  gable,  through  planar  shears  in  the  shell.  The  fact  that 
the  two  thrust  curves  are  out  of  phase  by  about  one  half  the  panel  width  indicates 
a  ''shear  lag"  taking  place  over  the  width  of  the  panel. 

When  one  of  the  corner  supports  was  permitted  to  settle  one  inch,  or 
l/96th  of  the  span,  no  visible  evidence  of  distress  in  the  shell  could  be  found. 
Strain  measurements  indicated  that  the  gable  beams  were  most  affected  by  dif¬ 
ferential  settlement.  The  gable  beams  spanning  to  the  settled  support  behaved 
as  cantilever  beams  with  the  maximum  bending  moment  occurring  approximately 
two  feet  (or  one  half  panel  width)  from  the  support. 

The  model  was  loaded  to  failure  by  the  application  of  a  uniform  load. 
Final  failure  took  place  at  an  applied  load  of  26.75  kips  and  a  total  load  of  28.1 
kips.  The  cause  was  the  failure  of  the  welds  in  the  bottom  reinforcing  in  one  of 
the  ridge  beams.  Subsequent  tests  on  samples  of  reinforcing  steel  showed  that 
the  welded  specimens  failed  at  less  than  half  the  load  carried  by  the  unwelded 
specimens. 

Up  to  a  load  of  12,000  pounds,  strain  and  deflection  readings  were  linear 
with  respect  to  load.  Beyond  12,000  pounds,  however,  many  of  the  gauges 
strayed  considerably,  indicating  that  portions  of  the  shell  were  stressed  bt^ - 
yond  the  elastic  limit.  Analysis  of  ridge  beams,  using  membrane  theory  to 
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assess  the  magnitude  of  axial  thrust,  coupled  with  an  interaction  diagram  for 
the  beam  predicted  a  failure  load  of  28  kips.  The  agreement  between  predicted 
and  measured  results  was  extremely  close  and  indicated  the  membrane  theory 
was  valid  far  beyond  the  elastic  limit. 

Diagonal  cracking  on  the  inside  face  of  gable  beams  indicated  the  pre¬ 
sence  of  large  torsional  stresses,  thought  to  be  caused  by  the  end  rotation  of 
the  ridge  beams.  The  shell  panels  failed  on  a  nearly  circular  path  having  a 
diameter  of  slightly  less  than  the  span  of  the  model.  After  failure,  a  slight 
outward  bowing  of  the  gable  beams  could  be  visually  detected. 

10.2  Recommendations  for  Future  Work 

As  a  result  of  difficulties  encountered  in  building  the  model  and  in  pro¬ 
cessing  the  data,  the  following  recommendations  are  made; 

(a)  After  coating  the  forms  with  form  oil,  and  before  weaving  the 
shell  reinforcing,  spread  a  layer  of  polyethylene  over  the  forms. 
When  the  wire  is  finally  in  position,  this  layer  may  be  removed 
through  gaps  between  the  wires.  In  this  way,  the  reinforcing 
wire  will  be  free  of  bond  destroying  oil. 

(b)  Use  a  more  ductile  wire  for  shell  reinforcing  which  may  be  re¬ 
peatedly  bent  and  straightened  without  breaking. 

(c)  Devise  a  splice  for  reinforcing  steel  at  the  ridge  beam  junction 
which  can  develop  the  full  strength  of  the  bars. 

(d)  Under  the  deflection  gauges,  mount  the  bearing  platens  on  a 
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horizontal  surface  using  a  fisheye  bubble. 

In  this  way,  no  correction  will  be  found  necessary  for  the 
lateral  movement  of  the  shell. 

(e)  Measure  horizontal  deflections  of  the  gable  beams. 

(f)  To  get  a  value  of  bending  moment  at  the  ends  of  beams,  measure 
end  rotations  of  all  beams. 

(g)  Instrument  an  additional  generator  perpendicular  to  Generator  KL. 
Many  parameters  could  be  varied.  One  interesting  variation  would  be 

to  choose  "upturned”  beams  rather  than  "downturned"  as  used  in  this  study.  If 
the  conclusions  drawn  from  this  experiment  have  been  correct,  the  use  of  up¬ 
turned  beams  should  result  in  a  reversal  of  sign  in  the  bending  moments.  For 
a  prototype  structure,  the  bending  moments  in  an  upturned  ridge  beam  could  be 
proportioned  to  balance  the  dead  load  moment  of  the  beam  itself,  which  cannot 
be  carried  by  shell  action  (Flugge,  1962). 

To  avoid  shrinkage  cracking,  it  may  be  desirable  to  prestress  the 
beams  and  perhaps  the  shell  reinforcing,  or  to  use  a  different  material  which 
remains  elastic  throughout  the  testing  program. 

To  test  the  limitations  of  membrane  theory,  models  of  low  height  to 
span  ratio  should  be  tested.  Variation  of  aggregate  size,  concrete  strength 
and  methods  of  reinforcing  should  be  investigated. 

10.3  Conclusions 


The  conclusions  outlined  below  are  made  on  the  basis  of  this  study  only. 
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They  should  not  be  regarded  as  generally  applicable  to  H.P.  shells. 

(a)  Uniform  Load  Series 

(i)  Measured  axial  stresses  in  the  gable  beams  were  lower 
than  predicted  by  membrane  theory  due  to  flange  action 
of  the  shell. 

(ii)  Measured  axial  stresses  in  the  ridge  beams  were  much 
lower  than  predicted  by  membrane  theory  due  to  tee  beam 
action. 

(iii)  Actual  stresses  in  the  shell  are  very  nearly  as  predicted 
by  membrane  theory,  but  tend  to  be  somewhat  more  com¬ 
pressive. 

(iv)  Bending  moments  in  ridge  beams  were  largely  caused  by  the 
eccentricity  of  the  shell. 

(v)  Bending  moments  in  the  gable  beams  were  attributed  to  a 
spreading  of  the  supports  as  the  tie  rods  were  stressed. 

(vi)  Bending  moments  in  the  shell  are  very  small  and  of  little 
consequence  in  the  design. 

(vii)  Membrane  theory  corrected  for  shell  eccentricity,  appears 
to  remain  essentially  valid  well  beyond  the  elastic  range  of 
the  material,  and  forms  a  reliable  basis  for  predicting  the 
ultimate  behaviour  of  the  shell  under  uniform  load. 

(b)  Asymmetrical  Load  Tests 


Under  uniform  load  over  two  adjacent  panels,  the  loaded 
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panels  behave  essentially  as  they  did  under  symmetrical 
loading. 

(ii)  Moments  and  thrusts  in  the  beams  under  unbalanced  loading 
were  not  more  critical  than  under  balanced  loading,  but 
the  maximum  ordinate  was  in  a  different  location. 

(iii)  An  approximate  method  of  design  for  shells  having  unbalanc¬ 
ed  loading  is  suggested,  introducing  a  hypothetical  "holding 
force  and  later,  removing  it. 

(c)  Foundation  Settlement 

(i)  The  shell  could  withstand  large  differential  settlements 
without  visible  signs  of  distress. 

(ii)  Gable  beams  are  most  affected  by  foundation  settlement. 
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APPENDIX  A 

CEMENTS  FOR  THE  APPLICATION  OF  STRAIN  GAUGES 
TO  A  CONCRETE  SURFACE 

A  number  of  cements  were  tried  on  a  sample  of  concrete  with  a  view  to 
choosing  the  most  successful  cement  on  the  model.  The  concrete  sample  chosen 
was  a  two  foot  square  slab  about  two  inches  thick  which  had  an  exceedingly 
rough  surface.  The  surface  had  to  be  sized  first  and  strain  gauges  applied  to 
the  sizing. 

Armstrong  A -2  epoxy  cement  was  first  mixed  with  the  catalyst  and 
spread  over  an  area  of  approximately  four  square  inches.  It  was  easily  work¬ 
ed  into  the  voids  of  the  concrete  and  its  filling  qualities  were  found  to  be  excel¬ 
lent,  but  the  drying  time  is  roughly  two  weeks  and  it  forms  a  skin  on  the  outer 
surface  before  it  is  thoroughly  dried,  thus  slowing  the  drying  time  for  the  glue 
below  the  skin.  It  was  considered  wholly  unsatisfactory  as  a  sizing,  although  it 
may  be  adequate  after  complete  drying. 

Armstrong  C-2  used  at  room  temperature  with  type  ’’A"  activator 
formed  an  extremely  gelatinous  mixture  which  was  difficult  to  spread  evenly 
over  the  concrete  surface.  In  working  the  spatula  back  and  forth  over  the 
cement,  the  entire  patch  of  cement  would  adhere  to  the  spatula,  leaving  no 
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visual  trace  of  cement  on  the  concrete  sample.  It  appeared  to  have  more  of  a 
tendency  to  adhere  to  a  smooth  surface  than  the  rough  concrete  surface.  When 
allowed  to  dry,  however,  the  cement  formed  an  extremely  hard  and  waterproof 
bond  to  the  concrete,  but  dispersed  throughout  the  cement  matrix  were  very 
minute  air  pockets. 

Budd  B-12  cement  is  available  in  a  small  plastic  container,  with  the 
cement  separated  from  the  activator  by  a  plastic  clamp.  When  the  clamp  is 
removed,  the  cement  and  activator  are  thoroughly  mixed  by  kneeding  the  con¬ 
tainer.  As  a  sizing  material,  this  was  excellent.  The  surface  voids  are  thor¬ 
oughly  filled  and  no  air  pockets  are  found  in  the  cement.  For  the  application  of 
strain  gauges,  however,  considerable  difficulty  was  experienced.  Due  to  the  in¬ 
herent  spring  in  a  paperback  gauge,  the  gauge  has  to  be  held  down  firmly  until 
the  cement  has  set.  The  setting  time  is  twelve  hours  and  the  pot  life  is  only 
one  half  hour.  The  pot  life  may  be  considerably  extended  by  spreading  the 
cement  in  a  thin  layer  on  a  flat  glass  plate  at  room  temperature.  By  keeping 
the  cement  in  the  freezing  compartment  of  the  refrigerator  it  could  be  kept  in¬ 
definitely.  This  cement  is  intended  for  adhering  metalfilm  gauges  and  for  that 
purpose  it  is  likely  excellent,  but  for  paperback  gauges  a  faster  setting  time  is 
required. 

Budd  GA-5  cement  was  found  to  be  an  excellent  sizing  material.  Some¬ 
what  less  gelatinous  than  Armstrong  C-2,  it  had  a  tendency  to  form  minute  air 
pockets,  but  these  could  be  removed  by  careful  working.  When  the  surface  was 
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ground,  the  cement  was  found  to  penetrate  deep  into  the  voids  of  the  concrete, 
forming  an  intimate  bond  with  the  surface  of  the  specimen.  After  grinding  the 
sizing,  the  same  cement  was  used  to  fasten  the  gauges  and  while  it  appeared  to 
be  satisfactory  at  the  time  of  application,  it  was  later  found  that  the  gauges  could 
be  easily  removed  by  hand. 

CIL  household  cement  was  found  to  be  a  very  easy  material  to  use  in  ap¬ 
plying  the  strain  gauges.  Each  gauge  is  firmly  held  in  position  for  about  one 
minute  at  which  time  the  cement  has  hardened  sufficiently  to  hold  the  gauge  in 
position.  The  main  objection  to  household  cement  is  the  fact  that  it  is  not  a 
waterproof  glue  and  is  subject  to  changes  in  atmospheric  conditions.  Also,  it 
has  been  found  that  this  glue  has  a  tendency  to  creep  when  it  is  subjected  to 
stress  over  an  extended  period  of  time.  For  this  test  series,  neither  of  these 
objections  were  important  since  each  test  was  completed  in  a  matter  of  a  few- 
hour  s. 

Kriz  (1959)  recommends  the  use  of  an  epoxy  resin  known  as  "Cycleweld" 
as  produced  by  the  Chrysler  Corporation  for  the  application  of  strain  gauges  to 
concrete.  Unfortunately,  this  was  not  known  in  time  for  this  test  series,  but  it 
is  recommended  that  for  further  tests  of  this  type,  this  material  be  tried. 
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APPENDIX  B 


CONCRETE  PROPERTIES 


B-1  Cube  Tests 


Six  mortar  cubes  were  cast  at  the  time  the  mortar  was  placed  on 
the  model.  The  28  day  strengths  are  tabulated  in  TABLE  IV. 

TABLE  IV 
CUBE  STRENGTHS 


Sample 

28  Day  Strength  (ksi) 

A 

5.32 

B 

5.38 

C 

5.63 

D 

4.57 

E 

5.01 

F 

5.19 

31.10 

Average 

5.20 

B-2  Tension  Tests 

Three  tension  tests  were  taken.  The  ultimate  tensile  strength  at 
28  days  was  found  to  be  435,  493  and  450  psi  respectively,  or  an  average  of 
459  psi. 
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B-3  Flexural  Rigidity 

At  the  time  of  casting  the  model,  a  flat  plate  1'-  6^’  x  3'-  0”  x  1/2" 
thick  was  cast  using  the  same  material  with  the  same  reinforcing  as  the  model. 
The  purpose  of  this  plate  was  to  measure  the  flexural  rigidity  (D)  of  the 
shell,  where 

D  =  - 

12  (1- 

Unfortunately,  the  plate  was  accidentally  broken  before  it  could 
be  used  for  this  purpose  so  that  no  measurements  were  taken. 

Throughout  the  thesis,  it  has  been  assumed  that  E  =  5,000,000 


psi  and  that 
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